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ABSTRACT 


A study of the iron(III) photochemical oxidation 
of oxalate and several other carboxylic acids has been 
carried out and applied to the quantitative measurement of 
these compounds. in initial work the carbon dioxide 
oxidation product of the photolysis reaction was measured 
with a pCO, electrode in a continuous-flow system using a 
sampler, proportioning pump, reaction coil and flow-through 
pco., electrode. In the reaction coil solutions of sample, 
4ron(III),.and. acid circulated through quartz or 
borosilicate tubing while being irradiated by an 
ultraviolet or visible source. Conditions were optimized 
for the.determination,of, oxalate and several,other 
eAarhoxvViic acadsynsuchaase Citric anoatvertaric.., Computer 
calculations were used to help in selecting the optimum 
f4ron(III) concentration and acidity, and to evaluate the 
effects..of, the complexing.anions.,,.sulfate. and. chloride. 
several organic compounds, especially some organic acids 
of low molecular weight and aromatic acids, affect the 
response of the pco, electrode... This,. and. the electrode's 
time response behavior, caused some error in the analysis 
of real samples. 

A gas chromatographic method of measuring the 


carbon, dioxide produced upon oxidation of oxalate with 
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iron(III) in the presence of light was also used. After 
irradiation the volatile components were stripped from 

the reaction solution with a stream of helium gas, the 
water vapor removed by passage through a column of calcium 
sulfate (Drierite), and the carbon dioxide separated from 
Ocrner gases. On ja cotumn of silica, gel “and measured with. a 
thermal conductivity detector. A 5-minute irradiation 
with a small, low pressure mercury lamp in a specially 
designed cell gave satisfactory results. Five-ml portions 


5 


of solutions containing from 4x10 ~ M to 1x107! M oxalate 
could be injected into this system and analyzed with an 
accuracy on the order of 2% and a relative standard 
deviation of about 0.9%. The method can be applied to 
the determination of tartrate or citrate after appropriate 
changes in reaction conditions.” Overall advantages ”“are 
that the procedure is free from many interferences, is 
sensitive, and can be used over a wide range of 
concentrations. Disadvantages include the time required 
per analysis and the special apparatus required. 

The applicability of the method to the 
determination of urinary oxalate was studied briefly. 
The principal interference seemed to be due to high 
absorbance by some urinary components of the radiation 


needed for the photolysis of the iron(III)-oxalate 


complex. 
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CHAPTER 1 
INTRODUCTION 
Oxabiecracidy 


COOH 
boon 


che-simplest. of the dicarboxylic acids, has. a KS fen 


SS alam and K, of 5.3x107>. It is present in many plants 
and vegetables, e.g@., spinach, rhubarb, beets and parsley, 
and is a metabolic end product in man, being eliminated in 
the urine. Normally, 35-44% of urinary oxalate is derived 
from dietary ascorbic acid, while 40% comes from glycine via 
glyoxylate. The remainder is produced from glycolate, from 
other reactions forming glyoxylate and from dietary sources 
Inereased oxalate excretion can result from oxalate or 
ethylene glycol (which is oxidized to oxalic acid), polsoning 
and from primary hyperoxaluria (caused apparently by a 
problem in glyoxylic acid metabolism which, leads to 
excessive production of oxalic acid). 

The brewing industry is also interested in oxalate 
eoncentrations. in beer. as that: lionsis presentein malt and 
Nops. ands can) combine: with, calcium im tie beer to. produce 
caloium oxalate erystals.-. These: form an unsightly haze and 


can act as nuclei leading to excessive formation of carbon 


dioxide mbo ess 
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2 
Methods Used to Measure Oxalate Concentrations 
Numerous direct and indirect ethene have been 
proposed for the analysis of oxalic acid. These cover the 
whole spectrum of analytical methodology.” “As™i111lustrations., 
some of the suggested techniques are presented here. 
Oxalate can be quantitatively oxidized to carbon 
dioxide by cret eee with cerium(IV) or permanganate. In 
fact, sodium oxalate has been used as a primary standard for 


both cerium(IV) and permanganate solutions: 


-2 +4 +3 
C50) + 2Ce a 200. + 2Ce 


5C0,° + 2Mn0,” + eH = 10COu se ONn = 


5 + 8H.0 


A significant number of methods involve precipita- 
tion of oxalate as the wea ety ImsOLUDLe, Saul, calcolLum 
oxalate. This can then be analyzed gravimetrically after 
Conversion to- calcium carbonate* or the excess calcium’ in 
the filtrate can be determined by an EDTA titration-. 
Oxalate’ Can pe tlLiurauca Wien Calcium chloride” usinge*the 
Grion™ Calcium, Ton" Sselective electrode: Omwitch. lead 
perchlorate in 40% p-dioxane solution using a lead ion 
selective electrode to determine the end point?. After 
precipitation of the lead oxalate salt, excess lead ions 


ean be titrated with potassium hexacyanoferrate(II) in the 


presence of potassium hexacyanoferrate(III) and Variamine 
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BINe® or with EDTA in the presence of Pyrocatechol Violet’. 


Dubey and Tandone investigated adsorption 
indicators for the titration of oxalate with lanthanum, 
lead and mercury(I). For the first two titrants they 
Suggest Beer eapea ee red as phgaeetor and for mercury(I), 
bromocresol green. Bismuth has also been used as a titrant, 


x 
the oxalate being precipitated as Bi.Ox 


2 es 

Direct colorimetric methods which have been used 
include the formation of a red indole complex’ - and a 
copper-benzidine complex’. Indirect colorimetric methods 
used comprise, among others, measurement of the decrease in 
absorbance of the iron(III)-salicylate éoniplex = or the red 
uranium(IV)-4-(2-pyridylazo)resorcinol acntene 33 The fact 
that oxalate quenches the fluorescence of a 1:1 Zr:flavonol 
chelate also has been used as the basis of a method to 
determine the eevee. Oxalic acid yields glycolic acid 
when it is reduced by powdered magnesium. The deep red 
product formed when glycolic acid reacts with 
2,/~dihydroxynaphthalene has been used to measure oxalate 
concentrations indirectly~>. 

Many chromatographic methods have been suggested 
for the separation of oxalic acid from other substances. 
These include thin-layer A pPOROE RA phy he anion-exchange 


chremstenraphy" and gas chromatography of the methylated 


aera vatave! 


*Throughout this thesis, his and Ox will be used 
interchangeably for the oxalate ion. 
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The change in absorption caused by the formation, 
from electrochemically generated lanthanum, of a suspension 
of lanthanum oxalate’, or the Sarpadity er the silver 
oxalate sol in isopropanol medium° have also -been used ito 
measure oxalate concentrations. 


Amperometry“-, polerography@+?*>) aoutenetuy- | 


and enzymatic methods? 


have all been employed to analyze 
oxalic? acid. A discussion of a number of methods which 
have been used to measure urinary oxalate is presented 


in Chapter 6. 


Interferences in the Measurement of Oxalate 

White aliof these methods! and others ‘are 
epplacantevto pure oOxalie.acid or co, SOlutlons of, oxalate 
Salts, difficulties frequently arise in the presence of 
various matrices and/or low oxalate concentrations. There 
25) no saccirate.,’ fast, reltlabile, specitic method) avaiable 
for measuring oxalate nor is there a method available for 
measuring the analytically important ionic, as opposed to 
total, concentration) —o1 the ion.) Hence; the proliferation 
of procedures adapted for various matrices. 

If oxalate is to be determined gravimetrically, 
a reprecipitation is often necessary in the presence of 
interferences. When a calcium or lead ion selective 


electrode is/tsed- to--follow the "titration ‘of oxalate, 
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species which complex with calcium or lead will cause 
interferences. The pH must be carefully controlled so 

that complete precipitation occurs, and so that dissolution 
of the precipitate does not take place if back-titration 
orvexcess “calcium or *iead tons is ‘tobe carried out. 

A high chloride ion concentration cannot be 
Voleraved in the direct.colorimetric determination with 
IGOLles. and. tne Ower Limit wor thisameunod, is only 50’me/ 1. 
Because absorption spectra of the copper-benzidine complexes 
OLrerelaved Actas (such aas (Oxa Con warlaric, Matonic., Citric. 
Pact Le. seLyCOLLO. seOrm:C AngeSuccins Care Hag y -S2masvar 
the copper-benzidine method can only determine, with lowered 
accuracy, large amounts of oxalic acid in the presence of 
smaller Arenas oF Other-acids. 

The. presence of alkali metals gives curvature 
and hence poorly defined end points when oxalate is 
determined by turbidimetric titration with Lanthanum. 

Of “the enzymatic methodsiproposed for the 
determination of oxalate, problems owing to nonspecificity 
Of Lhesenzyme> sor. ns thes case of the specific oxalate 
decarboxylase, inhibition by sulfate and phosphate anesce 


have prevented widespread acceptance. 


Purpose of his Research 
Possibilities for a better method to determine 


oxalate, especially in. complicated matrices such as, urine, 
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were investigated in) this Ghesis.<¢ After study of the 
methods available, the iron-oxalate photochemical reaction 
(discussed in Chapter 2) using a gas sensing electrode or 
gas chromatography as a detector for the evolved carbon 


dioxide was chosen for detailed study. 
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CHAPTER 2 


OXALATE ANALYSIS EMPLOYING A pco., ELECTRODE 
AS A DETECTOR 


INTRODUCTION 


Iron-Oxalate Chemistry 


The photochemical decomposition of the iron(III)- 
oxalate complex was selected as the most promising 
approach for the determination of oxalic acid or oxalate 
salts in solution. With trivalent metals complexes 
containing one, two, or three oxalate ligands are known. 
The trivalent complex of iron(III) has been the 
most widely studied because it has replaced the uranyl 
oxalate actinometer for use in the blue/ultraviolet 
region of the spectrum. Advantages of trioxalatoferrate(III) 
as an actinometer reagent include that it is hundreds of 
times more sensitive than uranyl oxalate. It can be used 
for polychromatic photometry also, because the quantum 
efficiency increases gradually from about 0.9 at 480nm 
tO. about | us ag eons sht ts. stab € ein athe wark form long 
periods, of time. and is, simple .to use... The products .of 
irradiation of potassium trioxalatoferrate(III) include 


iron(II) and carbon dioxide: 


-2 
r + 2CO 
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a3 hv 2 
2LFe(C,0)) 2] —2[Fe(C,0,)5] + C 5 
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The iron(II) can be measured spectrophotometrically as 
the tris(1,10-phenanthroline) complex at 510 Kath 

Industrially, ammonium trioxalatoferrate(III1) 
is used with potassium hexacyanoferrate(III) in the blue- 
print pbocssstee The iron(III) in the oxalate complex 
is reduced to iron(II) upon exposure to light.and then 
reacts with potassium hexacyanoferrate(III) to produce 
insoluble Turnbull's blue, Fe,[Fe(CN) 5], : 

At low pH values and with an excess of iron(III1) 
the monooxalatoferrate(III) complex is formed. This 
Speciessusr ofvanely ticalmumportances) | Theadolilewing 


oo 


sequence has been suggested forai tse photodecomposi.24 on: 


h 
+3 ~2 OY +2 - 
Fe (C,0)) <—Fe (C50) 


+2 é +2 - 
Fe (C,0)) + Fe + C50) 


- 5 ye +2 ot 
C0, + Fe (C0) - 2C0, + Fe + C0) 


2 


= pe) 
2(C,0)) P Heed Ahh C0, 


The first step involves an electron transfer and a 
weakening of the metal-ligand bond, followed by bond 
breaking in the second step. Various radicals have been 
postulated as intermediates. However, all schemes 


yield carbon dioxide and iron(ll) as finalg products. 
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Early Photochemical Analysis 
30 


Rao and Rao estimated iron(III) concentration 
by employing the photochemical reaction between iron(III) 
and oxalate. The iron(II) that was formed on exposure to 
sunlight was titrated with sodium vanadate using diphenyl 


3a 


amine as indicator. In later work~”  , they found the 
sulfuric acid concentration could be varied between 0.1 
and..0<.8 N without appreciably altering the speed of the 
reaction. When sodium citrate or potassium sodium tartrate 
was used in place of sodium oxalate the reaction rate was 
much slower and was influenced by acid concentration, 

the rate decreasing with increasing’ acid concentration. 
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Rao and Aravanudan measured the concentration 
of oxalic acid in solution by adding an excess (4:1 or 
greater) of iron(III) alum solution and acidifying with 
sulfuric acid. The iron(II) that was produced upon 
exposure, to sunlight -on-artificialyiitghtywas titrated 
with sodium vanadate and the oxalate content was 
ealculated from that. sWnen Ssuntachrp was used for 
irradiation the reactionswas..completessinaL5 to 30 
minutes; with a 1000-watt tungsten filament lamp an 
exposure of three hours was required. With a quartz 
mercury vapor lamp six hours was reported as necessary 
to complete the oxidation. In further work on deter- 


mining the iron(III) concentration by reduction with oxalic 
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ACliyr Lu was NOved whatras wie amount Of tirontl tl) 
present increased, the time necessary for the reaction 

to go to completion also increased. Lactate could be 
used in place of oxalate as the reducing agent in neutral 
or weakly acidic solutions. 

Riggs and Bbioker > eeHab the above ideas and 
determined oxalate by measuring the photochemically 
generated iron(II) by titration with sodium dichromate 
(2 ppl accuracy) or, for smallver amounts Of "Oxalate s by 
Spectrophotometric determination with 1,10-phenanthroline 
(3% accuracy). A 15-minute irradiation in a deoxygenated 
solution with a 100-watt medium pressure mercury vapor 
lamp was used in their analyses. They further investigated 
the interferences, produced by a number of carboxylic acids. 

This chapter discusses an investigation of the 
analytical utility of the iron(III)-oxalate reduction 
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in, which. a pCO, electrode in a continuous-flow mode is 


used £0. measure, the carbon dioxide produced. 
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Theo pCG, -electrods tevolveduprimaridy., as a 
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Clinicals Tooletor eaneivsits O71; bloodposces: Only 


recently has it been used for other analytical 
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In this thesis pCO, 


pressure of carbon dioxide. 


is used to designate the partial 
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di 
enzyme electrode for urea by immobilizing urease on the 
gas permeable membrane. 

The first report of an electrical measurement 


36 


OL pco,, in blood was that of Stow and Randall Further 


description of the-pCo. electrode was provided by Stow, 


2 
Baer, and Randall?! TT) cho ee iba lLly <a e1ess ie lectrode 
was separated from the carbon dioxide-permeable rubber 
membrane (a finger cot) by a thin film of water (the 
eacverna la titling solution). “Ine carbon. dioxide in the 
Pest esO,Uutlon cditfiused across etae membrane into the tiim 
of water where it hydrated and dissociated, causing a 

pH change: 


<> 
CO. ate HO — HCO. 


— + = 
HCO. a> tH". HCO. 


Calibration of the electrode was achieved by placing it 
in saline solutions which had been equilibrated to a 
known pco,, by bubbling a gas mixture of known CO. 
concentration throwem ipa lithe?) is LopeioiivvarNernst: plot 
was 30.3 mV and remained constant. For measuring the 
pco., of blood gases, the electrode was thermostatted 

at: 38+ 10.05°C (near: body) temperature). Careful 
temperature regulation was necessary because the 


temperature coefficient of solubility of CO, is about 


iL? 


5% per degree in this temperature region. 

The following year Gertz and eeeenenes: 
reported covering the glass electrode with a polyethylene 
Shell 10 to 20 um in thickness and using a 1x107? M 
NaHCO: solution instead of water as the internal filling 
solution. Other workers>” showed that the electrode 
sensitivity could be doubled by replacement of the water 
hnaternali¢cii@ing liquid by¥a+sodium’ bicarbonate solution. 


They defined the sensitivity as 


A pH 


Ayo pco,, 


S. = 


With water as the internal liquid S is about 0.5 whereas 
with a 0.01 M NaHCO. soluvion 17 Gaoubiled to. about’ im A 
wrade off ‘exists, however, in that with water or dilute 
bicarbonate solutions the response time is faster than 
with more concentrated bicarbonate solutions. With 
concentrated Solutions more carbon dioxide must. be 
exchanged as increasing amounts of carbonate are produced 
an tne invernal fitting solution. 

The optimum design of Severinghaus and Bradley” 
comprised a Teflon membrane separated from the glass 
electrode by a thin layer of cellophane whose purpose 
was to hold a film :o1 liquid between the glass and 


Tet ton. (also, scd.um Cnloride: was tadded to, the 0201.8 


NaHco. internal filvine solution. Pnis system was more 
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13 
Stable, faster in response and drifted much less than 
previous designs due to the stabilizing effect of the 
chloride ion on the silver-silver chloride reference 
electrode and to the preater conductivity of this 
solution. They observed a linear response between 1.38 
and J. 37% CO,. For a four-fold rise in CO, about 2 
minutes was required to reach equilibrium whereas for a 
similar decrease in CO., levels the response time was about 
4 minutes. This type of behavior is typical of all gas 
sensing electrodes. Faster response could be achieved 
by using thinner films of Teflon but because of lack of 
mechanical strength these were not satisfactory. 

Hertz and estore bY), Ubl Laziness tien tly 
concave glass electrode membrane surface, were able to 
omit the cellophane layer. They also reported increased 
stability through use of a miniature calomel reference 
electrode instead of the silver-silver chloride one. 

Most commercial pco, electrodes, however, incorporate a 
combination electrode with a silver-silver chloride 
reference system. 

The optimum thickness of the Teflon or 
polyethylene membrane has been reported to be 20 kee 
Decreased thicknesses resulted in faster response, but 
the results were less reproducible. 


Considerable study has been done on the best 
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method of calibrating gas sensing electrodes. Exposure 

to a stream of gas, heated to the electrode temperature 
and saturated with water vapor, has been widely cate 
The possibility that carbon dioxide could diffuse from 
the gas mixture and cause errors in calibration led to the 


43 


use of acidified sodium bicarbonate or acidified 
> Ky = = 2 ae = 
sodium carbonate solutions. In addition to the obvious 
advantage of ease of preparation and hence ease of 
obtaining many calibration points, the use of these 
solutions as a standard obviates the problems of 
incomplete humidification of the gases and electrode 
temperature changes due to the flowing gas. 
= = ea 45 = 32: 2s * 
Severinghaus ~, in a later modification, 


replaced the cellophane spacer which was believed 


responsible for slow electrode response, especially at 


nylon mesh or glass wool. The nylon layer between the 
gas permeable membrane and the electrode surface improved 
the response of the electrode and its linearity. The 
glass wool was thought to catalyze the reaction of carbon 
dioxide with water but it was not as reliable as the 
nylon layer because the glass wool sometimes cut the 
membrane. 

A thorough treatment of the theory of 


potentiometric gas sensing electrodes has been provided by 


i? 


LD 
Ross, Riseman and enueecnee:. Among the advantages of 
gas electrodes listed by them are that after equilibrium 
between the sample and the internal filling solution has 
been established there is no further consumption of gas 
from the sample. JIonic species do not cross the membrane 
and interfere with the measurement. Furthermore, 
electrode calibration is independent of the rate of 
stirring and membrane thickness, and there is no liquid 
junction problem. They derived an equation showing the 
response time of the electrode as a function of the 
geometry, membrane characteristics, internal electrolyte 
composition and experimental conditions. They also 
predict that when a series of solutions are measured in 
order*of increasing concentration, the time» response is 
independent of the magnitude of the concentration change. 
However, for the reverse process, the time response 
varies as the ratio of the lower to higher concentration. 
Thesbasiis bof totherrgasvsensing electrodes isvalsosgiven: 


a 


Ruzicka and Hansen recently reported on an 
air-gap electrode in which an air gap replaces the gas 
permeable membrane. The internal filling solution is 
absorbed on the end of a combination glass electrode. 

This layer of solution can be renewed between measurements 
or can be used in an equilibration mode. The advantages 


Of this desiten are "its fast response Time and the. fact 


that the electrode does not physically contact the sample. 
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Other Methods for Oxalate Analysis which 
YierdaCarbon ubloxide 


Many substances other than iron(III) oxidize 
oxalate to ERS dioxide wawimsthese methods either «the 
reduced species is used as a measure of the oxalate 
concentration or the carbon dioxide is determined by a 
manometric. volumetric On colorimetric method... The pco, 
gas electrode could be used for many of these analyses. 

The enzyme, oxalate decarboxylase, from the 
wood-rot fungus, Collybia velutipes, catalyzes the 


reaction: 


fa) 
H,C,0), > HCOOH oP CO, 


This enzyme is most active at pH 3.0 and most stable at 
pH 4.5. “Reportedly, it acts specifically on oxalic 
acid in the presence of small amounts of odshen Wan The 
carbon dioxide evolved through decarboxylation can be 
49 


measured by the Warburg technique Work has also been 


performed on the same enzyme extracted from Aspergillus 
niger?” 
An enzyme from the obligate plant parasite, 


Tilletia *contraversa,) oxidizes ‘oxalate’ to carbon dioxide 


and probably hydrogen peroxide. 


HC 20 0s) = 2eC ete. CO), 
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Stimulation by riboflavin and flavine mononucleotide (FMN) 
oul 


was shown Similar findings were reported for an 


enzyme in barley seedling roots?~?>>, 


D4 reported that riboflavin and FMN 


In 1972, however, 
Halliwell 
photochemically promoted release of carbon dioxide from 
oxalate without any added enzyme. He concluded that 
there was no net stimulation of the enzyme by these 
substances. 

AJDriel study wasemade. of the use’ of, the pco., 
electrode to measure carbon dioxide from the oxalate- 
oxalate decarboxylase and oxalate-riboflavin systems. 

More extensive work was done on the oxalate-iron(III) 
system, where those substances which interfered in 
earlier methods by reducing iron(III) will not be 
interferences unless they also produce carbon dioxide. 
Also, after automation this method is less) time consuming). 
than earlier ones in which the iron(II) was measured by 
titration or by spectrophotometry. In those methods of 
analysis standard titrants or a standard iron(II) 
orthnophenanthroline solution. had.tobe prepared. in 
addition each oxalate analysis required at least two 
pDipettings:... Colored.solutions) werevagprobiem.. Kor both 
ee uee and spectrophotometric methods of analysis 
oxygen had to be excluded from the reaction eee or 


the beaker had to be covered with a quartz 11a°3, HO 
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this were not done, iron(II) was air oxidized to iron(IIT) 
and low results were obtained....This. precaution was not 
necessary in the CO, Method ofsanalysis.,.A.further 
advantage of the proposed method was that only 10-ml1 


Samples ,were.required. 
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EXPERIMENTAL 


Apparatus and Chemicals 

Two models of pco,, electrodes were used through- 
out, this, research.) |The) first) was*.a, Radiometer pco., 
electrode and the associated blood gas apparatus. This 
electrode is a combination glass pH-indicating—-silver- 
chloride reference electrode with a slightly convex glass 
membrane upon which is placed a small piece of Joseph's 
paper (a thin chemically resistant kind of tissue paper). 
The glass electrode fits inside an outer tube with a 
gas permeable Teflon membrane covering one end. In the 


Pube,ds,placed, a,small. amount: of).a,.0 .005.M) NaHCO.» —4,0..5. M 


5 
paGirscOlution Saturated an silver ions. This “is» the 
internal fidddne, solution: 

Then second pco. electrode which was used was 
manufactured by Instrumentation Laboratory (IL). It 
has the same basic Severinghaus design but is different 
Payne ti metbine) ksyisubstituted for the Joseph's paper, 
Silastic Usiusedin.place-of, thesTeiionimembrane-and 


35 


thne-antermal fisting) solution Wiss neported tobe! a 


0.02 M Nahgo,, solution. Throughout the experimental 
work different internal filling solutions were 
substituted.# tThevug lass, sens Ltivesjtip: ofthe iL 


electrode is more pointed than that of the Radiometer 


electrode and in the assembled unit pushes against the 
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Stlastach causing” only a thin tiim of Aigqwid*to be’ held 
between the membrane and the sensing part of the 
electrode. The Radiometer design appears to retain a 
greater volume of liquid in this region, and because of 
this, the response of this electrode was predicted to be 
slower than that of the IL one. 

The plugs on the shielded cables of both 
electrodes were replaced with Beckman-type plugs so they 
could be used with an Orion 801 pH meter. A Houston 
Omni Scribe Model number 5113-5 one-pen recorder or a 
Hewlett-Packard 7101BM strip chart recorder was connected 
to the meter to provide a continuous record of electrode 
response. 

Irradiation in the visible region was provided 
by a General Electric’ extended service long’ life tungsten 
Seite DULL 2 00"warcs ) sane the ultraviolet recton at was 
provided by a Hanovia type 30620 utility ultraviolet 
quartz lamp (140 watts). 

All chemicals were reagent grade and were used 
as received. Distilled water was used Poe HOTT 

The automated system employed Sampler II and 
Pump I units from a Technicon single channel AutoAnalyzer. 
For the irradiation step two concentric 40-foot Pyrex 
cots “426° im itds Sind i>mm wall’ thickness .* weretused. 


Throughnouv=much or the “analysis, =the sampling movor’ in 
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the Sampler II was replaced by one half as fast. This 
enabled slower cam speeds to be used. The air that was 
introduced with the samples and reagents in the pump step 
was removed by a debubbler prior to the solution's passage 
beneath the electrode. The purpose of the air bubbles 

is to segment the liquid stream so as to minimize’ mixing 
of one sample with the next by cleaning the tubing 
circumference after each liquid segment. Without these 
bubbles laminar flow is more prevalent and cross- 
eontamination from adjacent samples is increased. As 
shown in Figure 1, after passage through a flow-through 


compartment of thes pCO. electrode, the sample solugion 


2 
recirculated through the’ pump to promote the smooth flow 
of samples before discharge to waste. 

Since a commercial flow-through arrangement 
is not available for®the IL electrode, a compartment 
was constructed (Figure 2) of Plexiglas in the Department 
of Chemistry machine: Shop at the University of Alberta. 
The electrode was pressure fit into the container and a 
hand-tightened Nylon set screw near the top insured its 
immobility. The bottom of the ‘sample well was machined 
to allow a small volume of solution to flow across the 
protruding tip of the electrode. -~A small contact volume 


kept the rate and sensitavity of response at a high 


level, while minimizing cross contamination. The inlet 
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Figure 2 Design of Plexiglas Flow-Through 
Compartment for an IL pCO, Electrode. 
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and outlet were about 1 mm in diameter, and were placed 
opposite to each other as shown in Figure 1, or one inlet 
and two outlets at about 90° to the inlet were used as 
Shown in Figure 2. Small metallic nipples were secured 
into the openings’ to» provide:tubing) iconnections:. i'To 
prevent bubbles from becoming entrapped under the 
electrode the inlet and outlet channels were angled 
slightly upward. The entire electrode flow-through unit 
was placed in a 25°C water-jacketed temperature-controlled 
container. A Brinkmann Instrument Type K2 circulating 
water bath was used to maintain the temperature. Exact 
temperature control was not likely maintained, however, 
because of the large mass of Plexiglas around the 

emec trode. 

For the oxalate analysis the glass coils were 
mounted on a wooden shelf and the irradiation source 
placed, Inrithei*centerm oficthe coils. aloo Wradmaiib frown 
upward throught.a hole: dn’ the wooden shelf, prevented 
excessive heating of the solutions during irradiation. 
The coils were surrounded by aluminum foil to avoid eye 
damage when ultraviolet radiation was used, and also 
toiimprove the: efficiency: by reflecting radiation back 
towards ee coils. Later a more permanent housing was 
designed and built from’stainiess steel. by the 


Department of Chemistry machine shop.)' This consisted of 
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eo 
a) larece DOxX/ with’ a. tieibedsauopelewalvOWweair circulation, 
a center shelf upon weten the colitis rested, .and a ifan 
compartment below. Either lamp could be placed inside 
this box and anchored to a supporting rod. 

The sodium bicarbonate solutions used in the 
automated mode were prepared in 0.5 M NaCl while the 
potassium oxalate solutions were prepared in 0.5 M NaCl 
and 0.1 M H,S0) unless otherwise noted. Potassium 
oxalate was chosen rather than sodium oxalate because it 
is more soluble. The purpose of the sodium chloride was 
SO increase the ionic strength of the solutions to a 
level comparable to that of the internal filling 
SOlUGCUON.  sAlSG. 2c DFrOVLGed a more. realrstic Mate ceror 
the oxalate analysis, since real samples rarely occur in 
pure water. The FeNH, (SO)),°12H,0 was prepared inl, 2 
or 4 M H, 80) or in water. A few drops of a wetting 
agent, Brij 35, were added to the acid reagent solution 
for, bicarbonate analysis or to the teon( fil) solution 
for oxalate analysis Use of A wetting, acent reduces 
surtacetension.of the solutions and thereby improves 
sample passage through the glass and plastic tubing of 


the continuous-analysis system. 
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RESULTS AND DISCUSSION 


Preliminary Electrode Studies 
Biecteode.Calibration... Initial checks and calibration of 
the Radiometer system were done with calibration gases 
(Linde 1.99% and 7.85% co, in 0,) as suggested by the 
manual accompanying the instrument. Later these gas 
mixtures were replaced with solutions of known 
concentrations of sodium bicarbonate in 0.5 M sodium 
enioride, acidified with sulfuricreacida. Not-only was 
this less costly, but many different carbon dioxide levels 
could be prepared, allowing the response of the electrode 
to be more fully determined. Also, since the carbon 
dioxide evolved from the oxalate is in aqueous solution 
the bicarbonate samples resemble that medium more closely 
than do gaseous samples. | 
Comparison..of..the Electrodes. .,A five-point calibration 
plot was run with the IL electrode by pipetting solutions 
of bicarbonate into a beaker and addimetsulfuric acid. . A 
slope of 56.2 mV was obtained between BED ay and Pane M 
NaHCO. (Figure 3). The overall absolute standard 
deviation for the linear least square fit was 0.75 mV. 

A similar five-point plot with the Radiometer electrode 
gave a slope of 49.9 mV between Sx107 and 1x10°°M NaHCO. 
and an overall standard deviation of 1.62 mV after 


deletion of the 0.05 M point (Figure 3). During these 
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Pigure 8, Cayvipravton Flrous (or Aci dir tedT7bicarbonave 
Solutions with IL and Radiometer pCco, 


Electrodes: o IL; 0 Radiometer. 
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measurements the Radiometer electrode was fitted with a 
pulastac membrane...’ The: ‘same internal filling solution, 
0.01 M NaHCO... 0. 2 MOKCTeand saturated with isiver (ons 5 
was used for both electrodes. Because of differences in 
the value of E°, experimental millivolt readings differ, 
and so absolute voltage values are not given in Figure 3. 
The results show that, as predicted, the IL electrode is 
more precise than the Radiometer one and is linear over 
a larger range of carbon dioxide concentration. 
Time Response. At the 5x107 M level 5 minutes were 
required before the Radiometer electrode was sufficiently 
near equilibrium that a reading could be recorded, 
whereas the IL electrode required only 2 minutes. For 
0.01 M concentrations 3 minutes were required to obtain 
an equilibrium reading with the Radiometer, as opposed to 
1.5 minutes for the IL electrode. This shows that the 
rate of equilibration for the Radiometer electrode is 
much slower, and also: that ‘Severinggaus electrodes. (in 
general, respond faster to more concentrated solutions. 
Most of the remainder of the studies were 


performed with the IL electrode. 


Preliminary Iron(III)-Oxalate Experiments 
Once the electrode response had been evaluated 
with acidified bicarbonate solutions, several qualitative 


experiments were done in a manual mode to investigate 
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the iron(III)-oxalate reaction. When a solution containing 


1nonGlLidos nitrate .and antes 


M sodium oxalate acidified to 
Divi was uirradiated, for: Lo. minutes, with either the 
Hanovia ultraviolet lamp or with the tungsten light, 
readings indicating carbon dioxide production were 
obtained with the pCO, electrode. A solution irradiated 
with the ultraviolet lamp gave a millivolt reading 29.5 mV 
higher than one irradiated with the tungsten lamp. From 
these and other experiments, it became evident that the 
pCO, electrode could be used to follow the carbon dioxide 
generation from the iron-oxalate reaction. 

Similar experiments showed no qualitative 
agifference between use: of »lron( LIL) nitrate..or<ron(III) 
ammonium sulfate as the source of iron(III).. Also, the 
slow bubbling of oxygen through the solution did not 
have any apparent effect on the rate of..the reaction, 
as might be expected if reoxidation of iron(II) were 
Critical sine reaction even .procecded@in the. presence 


of moderate. concentrations, of caleium ions. 


Interferences. Mannitol, 


30 
which was an interference in Riggs and Bricker's a aca 
was tested as an interference. A 10° M solution was 
prepared in 0.01 M H,SO, and iron(III) was added to it. 
The resultant solution was irradiated with the ultraviolet 
Pamp = No* carbon dioxide was detected. This.’ then, 18 an 
example of a substance which can reduce iron(III) but does 
ney. prodauce=carbon dioxide. 


Phoatyors time. “When the peo, etectrode Ts placed iman 


2 
acidified solution a reading can be obtained in only a few 
minutes. However, in the iron-oxalate analysis, carbon 
Gioxide is generated slowly and the possibility of loss 
oT carbon dioxide” to the’ atmospnere during the reaction 


3 


time must be considered. Two solutions of 5x10 ~ M 
oxalate were irradiated in the presence of iron(III) and 
acrayi1or-90 "minutes, the Tirst In ay ito-mi pDeaker ,exposed 
to the atmosphere, and the second in a 20-ml beaker with 
a=rubbpersvtopper {[itved” around the electrode.) in born 
cases the millivolt readings increased for the first 40 
minutes, and then decreased. The increase was likely the 
result o1Tslow production of carbon d71ox ide froin oxalate, 
and the decrease was due to the loss of carbon dioxide 

to the atmosphere. The second system gave readings 
siitghtly“lower than the rirst, likely due"to’ a” decreased 


area of solution exposed to the radiation. 
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Temperature Control. Several modifications were undertaken 
to try to improve this crude system. Tungsten bulbs 
Erradiave in the region bDesinning at about 330 nmsand 
extending through the visible region and into the near 
imirared. The ultraviolet lamp, a line as opposed to a 
continuous source, produces radiation at a large number 
of wavelengths in the visible and ultraviolet region. 
Considerable heat is emitted by eae lamps, especially 
the tungsten bulb, and results in a temperature rise in 
Chme solution under\study. Carbon dioxide is Yess soluble 
at higher temperatures. For optimum results, therefore, 
all samples and standards should be kept at the same 
tremperavure. “To try to aecomplish this, the weaker 
containing the iron-oxalate solution was placed ina 
water-—jacketed temperature-controlled container and 
irradiated through the water. This was of some help 
but with the extra glass and water tomabsorb the light 
the irradiation reaching the solution was diminished. 
Further reduction took place if any iron(III) salt 
spilled and coated the walls of the water jacket. 
Although the rate of carbon dloxide production was slow, 
iificare was: exercised, good Wernstian calibrations could 
be obtained (Figure 4) with a 20 minute irradiation time. 
The millivolt readings are lower than those obtained for 


a set of similar bicarbonate measurements, because of the 
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33 
lanes amount, of aren QL jrpresent Se Thiisispoint swith be 
discussed more fully in the section on automated oxalate 
analysis. 

Multiple Analysis. To speed the analysis a shaker was 
employed so that a ae ot..Samples._could pe irradiarved 
au the same time.“ Acidified potassium oxalate solutions 
containing iron(III) were placed in small glass stoppered 
jars and irradiated for varying times, with gentle shaking. 
After irradiation each solution was stirred in a 25°C 
water bath for 4 minutes and then a reading was taken with 


3 


the electrode. For 5x10 ~ M oxalate solutions, the 


readings increased by 12.5 mV as the irradiation time 
increased from 38 to 67 minutes, while for a 5x107 M 
oxalate solution, the readings increased by only 5.8 mV 
when the irradiation time was increased from 40 to 69 
Manutes. Ihus 1 was shown that solutions of different 
concentrations should either be irradiated) so that) the 
reaction goes to completion or be irradiated for a constant 
time period. The easier of these two choices would 
appear to be the latter, although this was not as simple 
a6 it WOoudd appear. .t was dititcult io arrange (he 
samples so that each received the same intensity of 
Prradioauion. | whe sopmplons Ssnouldal il pevreachart. tiie 


same’ time after irradiation to minimize variations in 


carbon dioxide equilibrium with the atmosphere. This is 
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34 
difficult to accomplish with the Severinghaus electrode, 
Since the time necessary to read a sample depends on its 


concentration. 


Use of pCO, Biectrode with Other Reagents 


2 
for Oxalate Analysis 


Cerium( lV) as Oxidizine Agent: Iron(IIl) is one of 
eeveral oxidizing agents. capable ofr oxidizing oxalate vo 
carbon dioxide. Cerium(IV), added as (NH) ) 5Ce(NO2)¢, 
generated carbon.dioxide quickly from oxalate without any 
arradiation. Nernstian results could be obtained over 
the same range as with the iron(III). However, because of 
its lower reduction potential iron(III) was chosen as the 
oxidizing agent for the majority of the studies (0.77 V 
Versus .,0UUV ror CeCIVvi. CoClLL Elon 

Oxalate Decarboxylase Experiments. Several different 
types of enzyme electrodes were prepared and investigated. 
in a qualitative manner. The first was made by 
immobilizing oxalate decarboxylase No. 0-3500 Grade II 
(Sigma Chemical Company) on nylon mesh in a polymer 
matrix. The polymer sheet was then placed over the 
Teflon membrane of the Radiometer pco,, electrode so that 
earpon dioxide produced from, the oxalate Dy) the enzyme 
could be measured directly. Less than milligram amounts 
of the enzyme were added to acrylamide and methylene 


acrylamide in the presence of catalytic amounts of 
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riboflavin and potassium persulfate in pH 3.5 citrate 
buffer. The polymer was then cured by irradiation with 

a 200-watt tungsten bulb in a nitrogen atmosphere for 
about an hour. After placement of the polymer sheet over 
the Teflon gas permeable membrane a potential could be 
obtained in oxalate-containing solutions. 

A similar method involved placing dissolved 
enzyme on Joseph's paper and’ placing it against the Teflon 
membrane, being held in place with a piece of cellulose. 
Oxalate could pass through the cellulose to react with 
the enzyme but the enzyme could not escape into the 
bulk solution. 

The third method for utilizing the enzyme 
involved adding it to a vVial°containing "pH 3.5 buffer and 
then adding the oxalate sample to this solution. ‘After 
reaction, ‘the pco., electrode was immersed in the solution 
and the potential recorded. 

inital tor these ‘cases readings could be 


obtained in solutions that contained at least ieeoyy 


M 
oxalate. However, there were many drawbacks to the 
procedure, an important one being the high cost of the 
enzyme. The reaction was relatively slow, especially 
ify Low enzyme ;-cConcentrations Were sised Vo ince ;formic 


acid, a product of the reaction, was later shown to 


interfere with carbon dioxide measurement using the pCO, 
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36 
electrode, complexing of the electrode with oxalate 
decarboxylase does not appear promising at the present 
time as a method for oxalate determination. 

Riboflavin Experiments. Experiments were conducted in 
which carbon a1 Gas evorved@e rom the  reactionvorvoxalate 
with riboflavin was sensed by a pco., electrode. ‘Ihe acidity 
had to be kept in the range of pH 3 to 6, but concentrations 
of oxalate as low as 1x107" M could be detected by 
Apradiation of.a-solution ofsoxalate .containine 

riboflavin. Nevertheless, because of the insolubility of 
the riboflavin further experimentation in this area was 

ais continued +s ».Automation/of .aJsystem such. as this, using 

a Technicon system, would be impossible as the riboflavin 


would plug the small diameter tubing used. 


Automated Carbon Dioxide Analysis 

One way to eliminate variability in sample 
treatment and to minimize carbon dioxide loss to the 
atmosphere is to convert the system to a continuous-flow 
mode. © In this pseeudoclosed system. imeadiavion time eand 
temperature would be standardized and the time between 
irradiation and measurement could be made more 
reproducible. The method could be adapted to routine 
use on a large number of samples. 
Carbon. Diowide Calibration. Atypical scalipration plot 


for acidified solutions of sodium bicarbonate utilizing 
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3 
the set-up described in the experimental section and 
optimized as“ outlined below is;shown in Figure 5. 

Samples were introduced through 0.065 in. 
i.d. tubing and mixed with air, also introduced through 
0.065 in. i.d. tubing and sulfuric acid, introduced 
mhaouen O020 in. .d.d. -cubaine. 


5 


A series of runs using 5x10 ~ M NaHCO, and 


B 

2M H,S80), were made to ‘study juneuet nects#olL sampling 
speed, sample arrangement and presence of wetting agent. 
ine bicarbonate and acid solutions, mixed in the pump, 
flowed through a 40-foot Pyrex coil before being 
measured by the IL poco, electrode.) ) Rive runs. were made 
Por each condition that was yeested. 

Bitece Of Sampling Time.» A cam on CThetsampler ‘controlled 
the rate of analysis by controlling the time the sample 
probe Spent in a sample cup. and injwasheldigquid. For 
these measurements, a cam equivalent to the Technicon 

10 2/1 unit was used. This designation means that the 
sampling rate is 10 samples/hour and the ratio of time 
the probe spends in the test solution compared to the 
wash’ liguid is 2°to%l. "When the’ semplang speed was 
increased from 10 samples per hour to 20 and then 30 
(with samples directly following each other) the standard 


deviation for a4 set of 5 runs increased from 0.32 to 0.44 


to 1.80 mV, clearly showing the slower rate of sampling 
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Sodium Bicarbonate using an IL pCO 
in a Continuous=-Flow Mode. 
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Electrode 
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COMDE60t1 mum - At faster rates successive readings 

on a sample of the same concentration increased, 
indicating that equilibrium was not being attained in the 
earlier measurements. ‘Two further samples were analyzed 
to estimate the redven of time necessary for the electrode 
to reach equilibrium. The results obtained are shown in 
wavlenl. wg av sampling times’ of P23) 0r2.0eminutes,; /the 
electrode had only 0.67 or 1.0 minutes in which wash 
liquid separated the samples. Consequently, the electrode 
never came to equilibrium with either sample or wash 
liquid, resulting in each reading being slightly higher 
than the previous one. Since 4 minutes was the longest 
sampling time conveniently obtainable with the Technicon 
AutoAnalyzer, this time was adopted throughout:-most of 
the succeeding work. 

Effect of Sampling Rate. The effect of sampling rate on 
electrode response was investigated by inserting a empty 
sample cup between samples in the sampler tray. While 
the sampler probe was in an empty cup, only air and acid 
were being pumped through the system. The extra time 
between samples allowed the carbon dioxide which had 
aiffused across the membrane and into the filling 
solution or themelectrode to diffuse souragain.. The 
absolute standard. deviatiwvon Bor atsetvsoheriversamples, 


separated by one empty cup between each sample, was 0.08, 
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compared with 0.32 mV for a set in which the samples were 
run in'consecutive cups. The,condition selected for 
routine analysis, was to include two empty cups following 
each sample. Empty cups were found more effective than 
water-filled ones in minimizing sample memory by the 
electrode. 

Effect of Wetting Agent. Addition of a wetting agent, 
Brij 35, to the acid improved the precision, mainly by 
decreasing the noise appearing at the sample plateau. 


E, Calculation. Miller? 


suggested that:one should 
always report E. as opposed to E values at some fraction 
of the equilibrium value. Recognizing that the time 
required to reach equilibrium is long for many electrodes, 
heysuggested that.»E,) values »be, computed: » A»plots,of t/E 
versus t, where t is time, gives a straight line with:a 
Shope. afabwanduintereept ofta. 4 rTheyvalusqoirie aie yb. 
several saofywthese, plots were jattemptedrforgche pco, 
electrode and, as predicted, a straight line was obtained 
if the initial points, where experimental conditions were 
ill-defined, were omitted. To perform this calculation 
accurately, the 4-minute sampling time did not yield 
enough data, however, and this approach was abandoned. 
Inclusion of a Debubbler. Another parameter that was 
inves tigated «in «thepyuse of athe pco,, elecbrnode -imathe 


continuous-flow mode was the need of a debubbler prior 
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to the electrode. For example, in AutoAnalyzer methods 
employing a colorimeter, it is important that no bubbles 
enter the flowcell because they cause a sharp off-scale 
movement in the recorder pen. In other automated methods 
generating Carbon dioxidesfor analysis, witeisuthevgas 

in the air bubbles that is analyzed and hence must be 
separated from the ‘liquid... The pco,, ebectrode nits 


different from these colorimetric systems. Therefore, 


five samples of 1x107> MeNabCOspwere run, 6eacheseparated 


3 
by two empty sample cups in the sampler tray. With no 
Gebubbler, the absolute deviation was 1.7 mV. It 

improved to l.siemV with: the insertion) of the debubbler. 


i 


Similarly, with four samples each of 1x10 ° and 1x107> M 


NaHCO. run alternately the standard deviation was 5.8 


3 
andii.zfomVirnesps efor ithe samples withoutsthe debubbéer, 
and 2.4 and 0.9 mV resp. with it. In further work, the 
debubbler was routinely used. Even with its use, some air 
passed through the electrode flow-through compartment 
during those times when air replaced the sample, but this 
Gid not seem to affect the results adversely. 

Effect of Membrane Thickness. The Silastic material 
Supplied by IL for the electrode gave better results 
thaneTeflonsdids «The <individualLjmembraness.supplried 


with pieces of cardboard backing for convenience in 


assembly, are 0.003 in. thick. Dow Corning 
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43 
manufactures Silastic sheeting, with and without Dacron 
reinforcement, for the medican’ profession. Afterva 
thorough washing with soap and water to remove the 
bicarbonate dusting, pieces of 0.005 in. and Dacron- 
reintorced 0.007 in. Silastic sheeting were cuteto fit 
the electrode jacket. As can be seen from Figure 6, there 
is little difference between these membranes and the 
OS003p in. thick size supplied by IL. gsubstitutionser 
membranes was made throughout the course of these studies. 
The Dow Corning membranes were much less expensive than 
the IL-supplied ones, and were more sturdy. Medical 
Adhesive Silicone Type A cream could be used satisfactorily 
Lo repair small holkes;An the membrane. 

Composition yf internal ‘Filling Solution. “The effect (of 
Variation in imternal filling solutions on electrode 
response was also investigated. Bicarbonate concentrations 
of io 73 ealip) Cronk aor M for the internal solution 
were studied. The slope of a calibration plot varied 

from 57 to 54 to 49 mV with decreasing NaHCO. 
concentration; and the overall standard deviation for a 
léast squares plot varied from 0799 '°7T0710.4/ to70. 39 mV. 


The 1x10" 


M concentration of Nene appeared to give 
the best compromise between sensitivity, speed of 


response, and precision in this automated system. 
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Bicarbonate Concn., M 


Figure 6 Effect of Membrane Thickness on the IL 
pco., BBeetrode Response to AcLawmi ted 
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AS 
Automated Oxalate Analysis 
Oxalate samples in 10-ml sample cups were 

poumpedrehrough~ a’ 0.O020Tine 1.0. cube. mixed in an Hs 
cactus with air which was introduced through 0.065 in. 
Pelee neon 055M Pronk aire ean=sulturte aca d 
containing Brij 35 which was-pumped through 0.090 in. 
i.d. tubing. In initial experiments, the ultraviolet 
lamp was placed on the bench near the coil or the 
tungsten lamp was suspended inside the coils. In later 
modifications, the UV lamp was placed initially above 
the coils, and finally inside the coils after removal of 
the commercial lamp shield. 


3 and 


Oxalate samples ranging between 5x10 
i Me cdtld-be*analyzed*in=this sytem Using” 0-5"M iront{iit) 
Panel UN sultave tnretrner’t orralMesuliurie \aAcrtadewiun 
irradiation or acidified cerium(IV) ammonium sulfate 
WMECiOULCAanY Trradtation. “Using” tney sizes or ‘pump tubing 
described above, the AutoAnalyzer diluted the samples 
with iron by approximately 18:1. When Fe:0Ox ratios are 
very high, the automated method is unable to detemine 
the low concentration samples that could be analyzed 
Manually. Consistent with the Severinghaus electrode 
behavior, better and faster plateaus could be obtained 


with the 0.01 M oxalate solution compared to lower 


concentration samples. A hysteresis effect is evident 
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with this system. The overall standard deviation 
obtained by running samples in decreasing concentration 
order increased by about 50% compared to results 
obtained by running samples in the reverse order. 
BLviect of ‘Temperature. Nusicnificant amount sofineat. 26 
produced by the tungsten lamp during the irradiation 
scep. If the’ fan is turned off while the lamp 1s. on; 
the coils become very hot and the tubing carrying 
Solution from the pump to the coils tends to blow ofr, 
even when anchored with wire. In one run using a 200-watt 
tungsten lamp in conjunction with the fan, the 
temperature at the tubing outlet of the Pyrex coil was 
measured with a chromel—alumel thermocouple and a value 
of about 33°C was obtained. To lower this temperature 
prior to passage beneath the pco, electrode, the last 
HOOG Ol Gubing’ camryine the sample ‘from, the 12rradvation 
unit was placed in the water bath surrounding the 
electrode so that the solution could be brought nearer 
the electrode temperature before measurement. 

Effect of Pump and Sampler Speed. At the pump speeds 
employed, samples were exposed to radiation for about 

5 minutes per coil. Since this was less than in the 
manual mode, the reaction was likely far from complete. 
When the ratio of the pump gears was changed to reduce 


the pumping speed to about 1/3, the resulting increase 
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in the irradiation time of the samples did not improve 
the detection limit or the precision of the method. The 
overall standard deviation for a linear least squares fit 
of the data increased from 1.4 to 1.8 mV with the 
decreased pump speed. Millivolt readings were slightly 
increased and the slope increased from 49 to 54 mV. 

The electrode readings began to increase 
rapidly when exposed to a carbon dioxide solution. @if 
possible, it is desirable and more precise to read 
plateau potentials rather than electrode potentials prior 
to this. For oxalate analysis a cam rate of 10 samples 
per hour was used to give the longest sampling time easily 
obtainable. 

Sample: Reagent Ratio. A new inlet system was designed to 
increase the ratio of sample to reagent in the mixed 
solution. This consisted of a three—-pronged cactus 
(junction), each prong being equal in diameter, as 
Opposed to the H3vcactus. By usimeg; 07065 dn. id. 
tubine in the pump, the rate of flow of the samples 

was increased from 0.16 ml/min to 1.60 ml/min - a 10- 
fold. increase. .This permitted a corresponding 10-foid 
improvement in the detection limit to allie M oxalate. 
When the 1.d.-of the pump line Introducing the irontrrly 
Woe “reducedetrom 0.005 an. 1.d. -to 0.0S0eineg a. the 
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linear range of the electrode was extended to ii a NO M. 
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48 
the 1.0. of the air line could,also be #educed. ‘This 
decrease in the lower response limit of the electrode 
was accompanied occasionally by a deviation from 
linearity for the higher concentrations. However, samples 
of higher concentration could be accommodated by dilution 
before analysis or, if desired, by increasing the 
amount of iron(III) used; in this way linearity of the 
calibration curve could be provided in the region of 
interest. 

Pysveresisshinveet. iMostiofMtnis initial work was 
performed at a cam speed of 10 samples/hour (sampling 
time - 4 minutes) with the samples generally arranged in 
order of increasing concentration. if the Samples were 
run in the reverse order much higher corresponding 
readings were obtained. Thus, as for the bicarbonate 
analysis, empty sample cups were placed between oxalate 
samples to give the electrode more time to reach the 
baseline between samples. It can be seen-.from Figure 7 
that the extra time allowed for the electrode to return 
to baseline with this arrangement was still not 
sufficient. Whe /oxalate ee in Figure 7 were run 
with a 0.5 M iron(III) ammonium sulfate solution in 2 M 
sulfuric acid dn increasing, decreasing jand then An 
increasing concentration order. The reproducibility is 


poorest at lower concentrations. From this it is 
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Hysteresis Effect with Three 
Oxalate Samples Analyzed in a 
Continuous-Flow Mode: numbered 
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50 
evident that the electrode reading for a given oxalate 
concentration is significantly affected by the 
concentration of the previous samples, as predicted in 
the response time analysis for a theoretical gas 
electrode; “’The ‘rate vof carbon “dioxide “diffusion out 
of the internal filling solution around the glass 
electrode is not sufficiently rapid under these 
conditions to allow the system to reach equilibrium 
after a sample of higher carbon dioxide concentration 
has passed beneath the electrode. 

Tne possibilrvey “of rlushineg “theimterna lining 
solution of the electrode between samples was investigated 
as a means of increasing the precision and rate of 
analysis. The electrode jacket was enlarged and eight 
holes were drilled along its length. These entered the 
internal solution chamber just above the gas permeable 
membrane /° Half of “these channels were -connected ‘to a 


syringe containing NaHCO.-NaCl internal filling solution 


3 
while the other half served as outlets for the spent 
liquid. The protruding tip of the electrode and the 
presence of the nylon netting as a spacer between the 
glass electrode tip and the gas permeable membrane made 
itlaetriecwlty *to trully replace’ the frill ines olutiron-and 


aveid introducing -air bubbles “in this imporvant “area: 


The outlet tibe *hdad® to be raised and pinched “during 
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5d 
analysis tomprevent’thesso@ution» from siphoning? outs 
Furthermore, on injecting large volumes of solution into 
the electrode the Silastic membrane bulged and disrupted 
the established AutoAnalyzer flow pattern. After no 
major improvement could be observed the idea was abandoned. 
Effect of Coil Length. The effect of using two 40-foot 
Pyrex=.coilseintseriesiinvwthe irradiationmunitewasrecompared 
with the use of only one 40-foot length. Five samples 


9 ae ecaiGine 


varying from 5x10 M Tneoxalateswerepruniiarst 
in increasing order and then randomly. In every case 
therpercentagelerror for)therrandomerun’ was less with 
onilynronescoil* thansthat Gorsavsimilar run) withhtworcoils. 
For example, at the 1x107* M oxalate level and with one 
coil the errors for two random samples were 3 and 6%, 
whereas with the two coils it was 10 and 15%. The 
higherserrors may*be attributed tov the«greater time the 
Samples haveito dmteract in therextra coil: 

Since there was considerable shielding of the 
olter “coldmbyothesahner coil.e therreadings? obtained with 
two coils were only slightly greater than with only one. 
This shielding was evidenced by the fact that the last 
sample run in the two-coil system was often significantly 
higher than expected. The reason for this phenomenon 


wasa thet aftertthisicsampilerwasninethey/ irvradtationpunit 


thes pumpydines*wereilall placed’ in» waterrto begine the 


VL { y's 
: af 
wt i 
i 
Aik 
! tq } y 1,% | . 


La ebay iy A, nw io Py 


5 
: pln P 
’ i at” aan ptosis | 
f r . i i 
Hodtnrad Mol womey aaMAs 2 apm ise 
" a 
rs 
' re = Dn 4 Pia 4 wie a Se c a mecigth 4 
Me Apts Vad * bee ee toe es j a | a. 


oh ia uf a Mri 
ates : 


Ori 4! ry ‘ 2 23 s 3 AB } oe t 1 I ae5V 2 AL it ale Ho ie ‘ssnie 


- ¥ aryl : 
f : it Daan 
- A hy | vy q: s) | 
Att Ps hee abi St HSV TSe8dO) 89. Grae Srey: ery mi. 
: ] * a es ee 
’ . Pe 7 bom q 
J j be e 
' “ ie a ale ’ 
904 Keone Sil oy 3] ete Te te. 
ge ee fp ween etn ltl nertyten we oe) ferment 
; 1 a hones 2 
rh ae 


| 3 ve 
vs (iow hy " 
f ‘ : f i a 4 if f 4 ‘ad Ohis ) late i . 
~ " hit 
~ i 
i eo A 
i / or) ¥ ci 


LS ” ; 
oh An Yy 8 
’ bias a i. 
i ry rh. ! i . ' : j r q +” . ; ¢ L +? 
La ial : ri A dips — é c ‘gl = M ‘ 
“0 ; ¥ ‘ 
; ' } 
S 


' i s) tae | 5 ‘ a Nh ane ww i 


; 


elt) ; ¥ 
: ety: rl 
a nin | 4 
yh. SA HAL AS Tess SNe ork ie THe go.28 ord ek S30rF 
‘ " ' y ; . . ‘ i a ’ 
esas | ; : pe ‘ ; 1 
} a , ; ; XO 4 Ar hie They Tet Fe rd aves 
| e 
‘7 : a ‘We 
on ‘ Ry j te — ha a i » ) dle > 
gery o ail s # s SELES yee] pSV S/T es i} ye ata 
] a en 1 
. 
{ _ , - : 2 bir. i Pre oe = 
tin vf =) Wanita 4 ; i hea oS FaTh i ys +9 ett = ae ¥ hive 
~ pee f ¥ 


She) Chiko. ct ey ust seen 46 ity wht A! die. onan oh 


n vt? a 
a sth wale, PD ite sendin oe be AE a 
V4 Peeo i) ites a. Se S20 (2h Meee y ee: La jab A nei B pe 
y 1 at 7 : 
MLE PIER Moe LS PERT tee. PE ee podne ee 


rons 


A, | 
: = q Pet 
we “ae 
\ te 
r tone 
i ce, Mi 
yee st 
wr peo! 
t Hi 
i ; 
i 


1 ha ' ] \ 


Ki 4 i t 


ative i An cl ae Oy an, dandy th Se ai “ ie 
' Dy 


apie ty a) Gd) state w Bani ‘ak ite ai how atte | 


Ae hi a ods 4 at Pod top el Ree 


ey is fl ie, 

| i 14 '¢ ri aries Way 
* 
id ; ' 


= 
as 
Sin 


¢ ay ] 
ba Li. O¢ 


| ) fl pitt ate 
ay as ve . ; : | nee 


ey 


52 
eleaning*processtwhNormaliys,a samplesin’ the outer coil 
is shielded owing to absorption of radiation by the 
Sample in the inner coil.) When the inner coil contained 
only water, the last sample received more radiation 
while in the outer coil than corresponding earlier 
shielded samples. This situation was remedied in later 
analyses when two coils were used. However, generally 
only one coil was employed. 

Substitution of the H3 Cactus. There appeared to be a 
concentration gradient at the exit of the three-pronged 
Junction. Following each air bubble the colorless 
oxalate solution became more and more yellow through 
mixing with the yellow iron(IIT) solution. Since proper 
mixing of the solutions was essential the inlet system 
was modified. The H3 cactus which!had originally been 
used was substituted for the modified cactus, and a 0.020 
inveivd: tubing? was used’ tor introducemthetiron(Iil mand a 
0£065 antihved-ftubineiwastused forethetoxalates 1 eu, a 
large volume of oxalate sample was being diluted by 

and reactingewith avsmalllamountwof concentratedsiron(III1) 
solution. eTfhistappeared sto solve thesgradientrprobiem 
and didunotJadvéerselymaffect the detectionsiimit, 
Effectiof) Pumprspeed .,PAL1L* of thetabove  resultsiwere 
obtainedewithhthe pump operating abli“3anormarespeed. 


Wheneitrwas*returned to its. original speed’ the: detection 
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limit became somewhat poorer. (The sampling-motor 
speed was not changed.) 
The earlier result using the slow pump speed 
and three-pronged inlet indicated that. a single coil 
Baue Devter precision «than two «ols. This was contirmed 
with the faster pump speed and the H3 cactus with its 
modified pump tubing. As was found experimentally with 
the bicarbonate work, inclusion of a debubbler before the 
electrode improved the precision of the oxalate analysis. 
The straight baseline which was obtained when 
six oxalate solutions ranging between a and 5x10. ° M 
were mixed with water showed that oxalate, by itself, 
did not diffuse through the membrane and cause a pH 
change. 
Hysteresis Eitect..3 Many experiments were done over) one 
decade in concentration in which seven oxalate solutions 
were run in increasing order, in decreasing order and, 
after a three-point increasing order calibration, in 
random order. . Usually, when the seven. solutions were 
run dn,decreasing, order,,..higher milblivolt, readings, were 
obtained... especially ‘al. the, lower concentrarion, e.¢.\, 
see Figure 7. Sometimes, in the random analysis, all 
the, solutions read higher, than. the initiad icalibration: 
more often, only those solutions which were preceded by 


a higher concentration sample were high whereas those 
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preceded by a lower concentration sample were closer to 
the initial calibration line. Because these electrode 
reading errors were due to electrode "memory" 
C@naracteristiecs and not primarily to drift or antepaction 
between the samples, the normal methods of correcting for 
errors in continuous-flow analysis were of no benefit. 

im -Gne experiment, after obtaining a three point 


and 1x10F° M oxalate, 


calibration curve between 1x10 
errors in values for random samples ranged to 8%. Two 
CHaracreristics of this system are fnat the major factor 
controlling the rate of analysis is the response time 

of the electrode and that when va lower concentration 
sample follows one of higher concentration, the response 
time or the electrode ‘varies as the ratio of the lower 

to higher concentrations 

Oxalate Calibration. A typical Nernstian calibration for 
oxalate is shown in Figure 8. The potassium oxalate was 
prepared ,.as fow most or the work,in 0.5 MM Naci and 


0, 1.MC SO), and the iron(III) ammonium sulfate (0.5 M) 


ms 
in 4 M HS) - Mae upper limit could be expended eithnes 
by diluting the samples prior to analysis or by 
increasing the iron(III) concentration. Methods for 
extending the lower limit of detection will be discussed 


later. Of the 10-ml sample volume, 7 to 8 ml were used 


in each analysis. 
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Oxalate Conecn., M 


Cait orate onPPlot Tor “Trradiated [ron(i?l)—Oxalate 
Solutions using an IL pco,, PUSeL rodent 
Continuous=Flow Mode. 


Figure 8 
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56 
Electrode Response. Figure 9 is a reproduction of the 


3 


chart paper from the measurement of 1x10 M oxalate. 

The central four peaks were analyzed at a cam rate of 

10 samples/hour with two blank spaces between each sample. 
On either side is an example of the results: obtained when 
the samples follow each other directly. This figure 
illustrates the speed with which the electrode responds 
to increasing carbon dioxide levels. it also shows that 
pie fb veiue 1s not attained curing the 4 minutes the 
sample flows beneath the electrode. The slower rate of 
Tevurn tolbaseline 1s evident as are those times when 

the sampling probe was in an empty sample cup and when 

it was in the wash liquid. 

Brfect ofjinternal Filling Solution. Ditstenent iter 
filling solutions were used in analyzing oxalate 


5 


solutions ranging between 1x107" and 0.1 Mo) The lO tae onl 


NaHCO.-0.5 M NaCl solution seemed to be the best 
compromise compared to either the 1x107" or 0. 0a 


NaHCo . im 025) MoNaCl solutions. As expecued, .vhe 


Powest concentration fatrine solution performedi best tor 
lower concentration oxalate solutions and the 0.01 M 


NaHCO. solntttton was pest tor higner” oxalate "concentrations. 


3 


Since the electrode seemed to require some time to 


equilibrate when different filling solutions were used, 


3 


the 1x10” M NaHCO.,-0.5 M NaCl solution was used unless 
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58 
all analyzed solutions were known to be at one end of the 


eoncentravion scale, 


Irradiation Conditions. Seven potassium oxalate solutions 
ranging from 1x107? to 0702 M were used te, optimize 
irradiation conditions. Comparisons were made between the 


tungsten and the ultraviolet lamps and between the 40-foot 
eareulear Pyrex iceidiend a A0=foot square quartz coil in 
the irradiation compartment. The quartz coil was prepared 
ifethe University of Albenta chemistry felass shop and 
Consiceved wor fabout 19 tarnsee: 2 65emm (1, d,s. 375 mod, 
mubing, The thelent yor this finished coil was’ abouw 7 em 
compared to: 10.5 /em for the: Pyrex coil. The iron(iII1) 
wassintroduced’ as aw0.5 M FeNH) (SO) ). solution in 2M 
HSO), and the oxalate solutions were prepared as in 
G@ariier analysis. Each sample was/followed by two™empty 
samplewcups, | As yehown, dn Pigure.10 ,@ones Pyrex, coit- 
ultraviolet tamp combination gave, Gre;diowest yieldgor 
carpon dioxide, while the quartz? coiletungsten Jdighy 
combinetionweave ctheswnignest./ Thevniecessityrol using 
more than a 10-foot coil was demonstrated by using a 
l0=foot aquerez coil andailinding carbon dioxide devels 
thatewere below those obtained with the longer coll- 
Cie the above optimum. conditions, the 
relative ee expressed tin (per tcentatfor: sixesolutrons 


ot hoe. M K Ox was UJ2% which wasiiident ical tonthe 
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Figure 10 
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Oxalate Concn., M 


Bifect, of .lrradwati-on ;Conda tions 

on Oxalate Analysis in a Continuous- 
Flow Modes 0) quartz coils, tungsten 
lamp; © quartz coil, ultraviolet 
amp; mi tPyrex coll, tungsten’ amo: 

® Pyrex coil, ultraviolet lamp. 
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Value obtainedrror’four-ectrdtared fsomutionsTor 1x107> M 
NaHco.. A 0.1 mV error in reading an electrode potential 
of an electrode responding to a univalent ion leads to a 
relative error of 0.39%, while a 1.0 mV error leads to a 
relative error of 3.9%, i.e., Gin 2 =/1)(100%)5° @ihus:, 
small millivolt errors in reading can mean large errors 
aneconcentration. 

Other tungsten lamps were tested to investigate 
the effect of lamp wattage on the reaction. Four 
different bulbs, 200W, 100W, 60W and 25W were used to 
analyze the seven oxalate solutions. Figure 11 shows 
that the amount/of carbon dioxide generated from the 
oxalate increases as the lamp wattage increases. This 
is because of the greater amount of irradiation being 
radiated from the higher wattage bulbs, especially in 
the region of shorter wavelengths. A 4-watt General 
Electric FH4T5-CWX 6-inch hanging fluorescent bulb and a 
high pressure ultraviolet lamp equipped with a transformer 
and water jacket were also tested but both were less 
efficient than the 200-watt tungsten bulb. 

Aeidity Eitece. To ascertain the effect’ of the acidity. 
Or the dron(@il) solution on. the system, three diittereny 
BER tie ts 0.5 M iron(III) ammonium sulfate were 
prepared, one in distilled water, another in 2 M H,S0), 

2. ier 
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Oxalate Concn., M 


Effect of Tungsten Lamp Wattage 
on’ the Yrela er Carbon, Dioxide 
from the Iron(III)-Oxalate 
Reaction: 
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the hydrolysis of iron(III) was minimized. Seven oxalate 
solutions ranging between TeahOue vand’ O201 M in oxalate, 
and containing 0.5 M NaCl and 0.1 M H5SO) as all tne 
analyzed oxalates did, were run with each of the 
a@ifferent irontllD)—seiutions~—Aiter.miceneaneathe H3 
cactus, the acidities of the three sample-reagent 


BOlUtiONnSs were about 0.1,°0.3)and 0.5 M ins SO). From 


2 
Figure 12 it can be seen that there is little difference 
emone the three calibrations. Thus adjustment of the pH 
of the iron(III) ammonium sulfate solution is not a 
eritical variable for oxalate analysis. When the 


analysis with the 2 M H,S0O, solution of Fe(III) was 


2 
repeated without any wetting agent, Brij 35, added to 
the solution the overall standard deviation increased 
from 0.36 to 0.98 mV for the seven samples. 

Eifect of Iron Comcentration. For practical utivity: 
after initial calibration, unknown samples of varying 
concentration must be determinable. Although only two 
moles of iron(III) are required to oxidize each mole of 
oxalate, the iron(III) was prepared as a 0.5 M solution 
so that there would be sufficient iron(III) for a wide 
range of oxalate concentrations. With the hysteresis 
effect it became apparent that solutions of several 


orders of magnitude could not be analyzed consecutively, 


especially if a low concentration sample followed one of 
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Millivolts 


10° 107 
Oxalate Concn., M 


Figure J2.. Eifect.of Sulfuric Acids Concentration 
of ironCiil). Solution, on whe 
Iron(III)-Oxalate Reaction: oxalate 
Ssolutvons, prepared inv 0. HS0)- 
0.5 M NaCl:iron(III) solutions prepared 
in water, 4; 2 MH,SO,,0 and 4 M H,S0), 0 
to give final iron(III)-oxalate solution 
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higher concentration. Since the samples would have to be 
analyzed in narrower concentration ranges the iron:oxalate 
ratio became a variable that could be optimized, although 


34 


Riggs and Bricker state that their results are 
endependent of the iron@ill) concentration as lone as at 
least two iron ions are present for each oxalate.-Rao and 
Aravamudan>* maintained a 4:1 or greater iron:oxalate 
ratio. To ascertain the effect on the present system 


3 


three solutions of 1x10 ~ M potassium oxalate, each 
separated in the sampler tray by two blank cups, were 
analyzed with progressively decreasing concentrations of 


FeNH,(SO,). in 2M H,SO,. For one set of data the 


2 2 

tungsten Tanpaand Pyrex coil were used while, for the 
second set the experiment was repeated using the medium 
pressure Hanovia lamp and quartz coil. The results, 
shown im Figure 13, indicate that the tungsten lamp gave 
higher readings than the ultraviolet lamp at high 
iron(IE1) concentrations, as were used to obtain the 

data in Figure 10. However, when the Fe:0x ratio was 
lowered to j521 or less’ the ultraviolet lamp yielded 
higher readings. The optimum ratio for irradiation with 
Ep tunesten lamp was 50:1 to Lb: wise for thewultravioler 
Lanett owas os to. 0.5.1. Much shaper ylelds sor carbon 


dioxide could be obtained from the ultraviolet system 


under its optimum conditions... A similar trend was 
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evident when the oxalate concentration was lowered to 

ie Gas M except optimum ratios for the ultraviolet system 
ancreasead to include Patios ‘as high)’ as 50:1 white for the 
visible system, up to 500:1 Fe:0Ox ratios were satis- 
factory .wwiheasron: oxalatesratiosy“therefore, "did now 

seem as critical at lower oxalate concentrations. In 
contrast, with 0.01 M oxalate the optimum iron:oxalate 
ratiorfor the ultraviolet irradiation system was 0°5:18 

At ratios higher and lower than this, the readings were 
markedly lower. At high oxalate concentrations, a corres- 
pondingly high concentration of iron(III) is required. 

All iron(III) species absorb significantly in the ultra- 
‘violet region, and so cause the amount of radiation reach- 
ing the iron(III)-oxalate complex to be diminished. For 
this reason a high ratio of iron to oxalate gives a lower 
yield.of,carbon dioxide at high: oxalate concentrations 
than at. lower oxalate concentrations. Because the time 
available for irradiation in this continuous-flow system 
is, fixed. ache: optimum <1 ower iron soxalate ratios”should 

be used to extend the lower limit of electrode response to 


oxalate. 


Nernstian Calculations. The photochemical decomposition 
of dron( iil) oxalate yields two moles of carbon dioxide 


for each mole of oxalate, yet a slope close to 59 mV was 
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67 
obtained. This can be explained by considering the 
Nernst equation for the pCO, electrode: 


2 


B= 902059 log pco., 


But if two carbon dioxides are evolved from each oxalate: 


2[0x] = pco., 


Substituting this in the Nernst equation and expanding: 


E = E° + 0.059 log 2[ox] 


es 
It 


E° + 0.059 log 2 + 0.059 log [0x] 
Fi ="E° + 0.0278 4+ 0.059 lice [Ox] 


Thus a 59 mV slope is predicted but the absolute value of 
the readings for the same’ concentration of acidified 
bicarbonate and irradiated iron(III) oxalate should 
differ by 17.8 mV. Under the above-determined optimum 
cond Gions,-this is “found to ‘be-“orue. - Nernstiian résu kts 
were obtained (Figure 8) under non optimum conditions 
but the electrode potentials were not displaced from 

the bicarbonate plot by 17.8 mV. 

Prrecy or Oxygen. “Sirree eachroxalave required two 
tronClilr)y tons to“fully react, the+low optimum*ratics 
observed with the ultraviolet lamp must mean the iron(II) 


in the solution is reoxidized to iron(III). Oxygen from 
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the air, introduced into the pump air line, served as the 
oxidizing agent, because when this line was connected to 
a nitrogen stream, the lower iron:oxalate ratios became 
less favorable. Purging the oxalate solutions with 
nitrogen prior so their analysis further reduced the size 
of the carbon dioxide peak when less than a 2:1 
iron:oxalate ratio was used. 

prlechrontChloride «longs afigureti2) showed. that the 
eeldidy, of (the stron (ELL) «solution wwas.wnot.critieal sy jRices 
and OR nen suggested wnat sul furicraciada Lie aie be used 
rather than hydrochloric acid since the latter prevented 
the reaction from going to completion in a reasonable 
period of time. The formation of iron(III)-chloride 
complexes in solution was suggested by them to result in 
absorbiaon sot a-sienificant portion of ethe Sineident 

nad hatdon: Bere! Rao and Rao? 231, when using oxalate in 
a photochemical method to estimate iron(III) concentration, 
foundthat chydrochioric acid could: bensubsti tuted worm sul 
Purivcsecid. wasthout anya idaly effects walmy this, work.» the tacid 
thatewasa used iweas, sulfuriebut, the, salt jcontent: off the 
solutions was adjusted with sodium chloride and hence the 
final iron-oxalate solutions contained iron-chloride com- 
plexes. To test the effect of chloride ion concentration upon 


the reaction, a 1xl07° M solution of potassium oxalate 


was prepared in 0.167 M sodium sulfate and a 0.012 M 
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solution of iron(III) ammonium sulfate was prepared in 2 


and 4 M HCl and 4 and 8M H SO,. After passage through 


2 
te clisecactus (the efinaloiromGELD):sconcéntration was “about 
1.2x107> M and the acid concentration 0.2 or 0.4 M in HCl 
or 0.4 or 0.8 M in H,SO,. Almost identical readings were 
obtained for the first three solutions and slightly lower 
results were obtained with the more concentrated sulfuric 
eciatsobetion.. MiThts (was Matteibuved «touts tive tacia 
content. Clearly under the conditions used here, chloride 
concentrations as high as 0.4 M do not interfere either 
with the formation of the iron(III)-oxalate complex, or 
with the absorption of radiation by that complex. Since 
chloride is a common component of many samples, especially 
biological, ones, it is important to know that it does 
nHet-invtverfere to any significant extent. Furthermore, 

no trends were evident in earlier experiments in which 

the ionic strength was varied through addition of sodium 
chloride or sodium sulfate. This suggests that changes 
in lonice strength of a few tenths were negligible inithe 
presence of the high concentrations of iron(III) ammonium 
sulfate and sulfuric acid that were used. 

Effect of Membrane Thickness. The effect of replacing 

the 0.003 in. Silastic membrane supplied with: the iL 
electrode by Dow Corning's 0.005 in. and Dacron 


reinforced 0.007 in. ones was tested with the iron-oxalate 
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70 
System. The very similar Nernstian calibration graphs 
displayed in Figure 14 show the independence of membrane 
thickness on the electrode response. This corroborates 
the earlier results obtained on the bicarbonate system 
(Figure 6). 
Effect of Other Substances. Glycine and L-histidine were 
tested as potential interferences. Solutions of these 
substances (1 M) in 0.1 MH,SO, gave no response when 
mixed with aron(IIl) and inradiated. Similarly?! ofieM 
ereatinine soObueions in 0.1 M H,S0) and 0.5.M NaClsand 
0.01 M B-alanine solutions gave no response. Many urea 


solutions over a wide concentration range did not interfere. 


Other Carboxylic Acids 
The advantage of determining the oxalate 
eoncentration by analyzing the evolved icardDon dioxide 
instead of the iron(III) generated in the iron-oxalate 
reaction is that those subStances which are oxidized’ by 
jron(III) but which do not produce carbon dioxide are 
not interferences in the former method. As an example, 


34 


Hhiges “and Bricker found Manni Got to be; an anterference.. 


In the pco, electrode determination, of joxalate 10 did 


not interfere. 


Tron(lLE)—Citrate' and’ tron(Til)-Tartrate Analysis. Other 


a 


Carboxylic acids are capable of being oxidized by Bron tek) 


to capbon dioxide. The principal carboxylic. acids 
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investigated were citric acid, 


CH,-COOH 
oa leads 


CH,-COOH 


and tartaric acid, 


COOH 
| 
H-C-OH 
| 
HO-C-H 


| 
COOH 


In a manual or continuous-flow mode these two acids could 
be analyzed in @ similar manner to that for oxalic acid 
using either iron(III) or cerium(IV) as the oxidizing 
agent. The one notable difference from the oxalate 
analysis was the effect of the acid concentration. With 
oxalate there was little influence on the extent of the 
reaction due to acidity (Figure 12). When similar 
experiments were repeated with sodium citrate and 
potassium sodium tartrate solutions prepared tnya 0°25 M 
NaCl and 0.4 MM H,SO0) medium,a low pH in the irradiated 
solution was found to inhibit the reaction while with 
less acid results closer to Nernstian ones could be 
Obtained (Figures 15 and 16). This indicavesgthat proper 


acidity is the kéy*to- reducing ls the interferences in, the 
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Millivolts 


10% 107 
Citrate Concn., M 


Figure 15 Effect of Sulfuric Acid Concentration 
of Iron(ltit): Solution oni tie 
Iron(III)-Citrate Reaction: citrate 
solutions, prepared) tm G1) M H,SO)- 


0.5 M NaCl:iron(III) solutions prepared 
dans waiter, Al; 2) M H,S0), 0 and 4 M H,S0),9 
to give final iron(III)-citrate solution 
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10°? 


Tartrate Concn.,M 


Eifect of Sulfuric Acid, Concentration 

of LIron(LiL) .Seluttonron.tne 
Lron(lil)-—Tartrate Reaction: tartrate 
sOlutions «prepared in O42 HSO)- 

0.5 M NaCl:iron( lit) esclucions prepared 
in water, A, 2 MH,SO0,,0 and 4 M H,SO).0 
to give finaluinon(lLL)-tartratersolution 
acidities of 0.1 M, a3; 0.3 M, 0; and 
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oxalate analysis by these carboxylic acids. However, an 
iron(III) solution prepared in distilled water forms 
hydroxide species on standing. These absorb a larger 
amount, Of irradiation tham ironClil) ions. "For an analysis 
between 1x107? and 0.01 M sodium citrate in 0.5 M NaCl- 
02 LeM H,SO), the slope increased from 45.8 to 54.6 mV when 
a freshly prepared aqueous iron(III) ammonium sulfate 

was substituted for one several months old. The slope 
improved to \59.3 mV when the sodium citrate solutions 
Were, prepared in 0:5 M NaCi medium and freshly prepared 
iron(III) was used. 

It is possible to determine citric and) tarraric 
acids by utilizing the photochemical iron(III) redox 
method at “chezreaction is run at low acidity. Figure 1/7 
shows.calibration plots for sodium, citrate, and potassium 
sodium tartrate analyzedydinm 0.5 M NaCl. . Aqueous® 0.5 M 
iron(III) ammonium sulfate was used. The linear range of 
these graphs could be extended by utilizing a longer 
irradiation time and/or a more optimum iron(IITI) 
concentration. .The iron(1II).concentration to be used in 


3 


the analysis of citrate was optimized using a Tere M 
solution of sodium citrate in 0.5 M NaCl white varying 
the concentration of aqueous iron(III) ammonium sulfate. 
These results are shown in Figure 18 and are similar to 


the oxalate results seen in Figure 135. The highesc yields 


of carbon dioxide were obtained by using the ultraviolet 
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10° 107 
Carboxylic Acid Concn., M 


Calibration Plotsifor irradiated iron Gillin) 
Citrate and Iron(III)-Tartrate Solutions using 


an IL pco., Electrode in a Continuous-Flow Mode: 
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lamp and quartz coil and keeping the iron:citrate ratio 
between 5:1 and 1:1. The visiple irradiation unit was 
not optimum, except as high iron(III) concentrations. 

If each mole of sodium citrate decomposed to 
yield three moles of carbon dioxide, one would expect a 
Nernstian slope displaced by 20rnVs 1.64.8 59 LoeG a 
when readings are plotted versus the logarithm of the 
eitrate concentration. This was confirmed experimentally 
when an optimum iron(III) concentration and ultraviolet 
arradiation were used. 


Other Iron(III)-Carboxylate Analyses. Malic acid 


HO-CH~COOH 
| 


H~C-COOH 


and pyruvic acid 
O 


| 
CH.~C-COOH 


ane both highly acid dependent in their extent of reaction 
wien aron(LilL). Figure 19 BN eee calibration curves 
for these acids when they are prepared in 0.5 M NaCl and 
analyzed wrt anvaqueous” 0s 5"M-LrontlLb) ammonium sulfate. 


sbactic acid 


COOH-CHOH-CH., 


also seemed to be acid-sensitive in jivs extent of 
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reaction. However, extensive measurements were not made 
as the acid was only available as a 60% syrup solution 
and the purity and concentration were uncertain. 


Maleic acids 


H-C-—COOH 


| 
H-C-COOH 


in contrast, did not seem to be nearly so acid dependent 
tive exvent of reaction with iron (II1). 
Malonic acid 


COOH=-CH,,-COOH 


reacted to only»a small.extent with any ofycthe 0-5 
dron(III) solutions, while a 0.1M | cysteine solution 
NH, 


| 
HS-CH,-CH-COOH 


yielded carbon dioxide when irradiated with a 4M 


H,SO,, soluvion’or trontitl). 


interference in Oxalate Analysis Due. vo Other. Carboxylic 
Acids 


Tov confirm the acidity influence . on the 


5 


M oxalate solution and a solution 


s: 5 


reaction, a 5x10 


M oxalate and 5x10 ~ M citrate 


containing both 5x10. 
were analyzed! with! iron(Ill) soluvions sor ditiening pH. 
The medium for both carboxylic acid solutions was 0.1 M 


H,S0) > 0.5 M NaCl. Table 2 shows the difference in 
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TABLE 2 


Citrate Interference in Oxalate Analysis as a 


Tron( Ti ) 
pMed tum 


ame difference between a 5x107 


Funetion”~ oT "Acid ty 
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po Pres clce rei re te 2) 0a et OO 
4.1 17.4 
1.2 4.8 
0.4 1.6 
0..5 se 


3 Mm oxalate and 5x107? m 


citrate solution and one that was 5x10? M in oxalate 


OnLy. Born solurions prepared. invOraa H,S0) and 


0.5 M NaCl. 


Drhis assumes a Nernstian electrode response of 59 mV. 
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readings between the two solutions and confirms that the 
error due to citrate interference decreases as the pH is 
lowered. The observation that the most concentrated 
acid solution apparently gave more error in oxalate 
analysis than the 2 M H,S0, solution of FeNH,(SO,), can 
be explained as due to the hysteresis effect. 

In-a Similar type of experiment groups’ of 


3 5 


M iinioxalate, 25x05 
3 


aqueous solutions 2.5x10. Neon 


Both oxalate and citrate, and 275x110 ~ M inwboth oxalate 
and tartrate were tested for interference due to citrate 


and tartrate. A4MH SO, solution of 0.5 M Fe(III) was 


2 
used. The concentration of the interfering carboxylate 
Saluuwas Passed by factors of ten. “When the dnverrerence 
became significant more sulfuric acid was added to the 
solution being analyzed. The results are summarized in 
Table 3. These data assume that the electrode responded 
in a similar: Nernstian manner throughout the several 
days Ttmtookote. obtain ald ‘the readings. PErPrors ‘in 
individual readings were minimized in that averages of 
four analyses were used. 

Another method to determine interference: levels 
Js sCovestabiishn tan oxalate -calibratiom ond guaensg co meacure 
mixtures een ne oxalate and the inverterences. “nis 
approach involves an addition error - if the oxalate 


calibration were. run in increasing concentration order 
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and then the interference was analyzed in one of the lower 
concentration solutions an error due to the hysteresis 
effect would be added to any error due to the interference. 
To eliminate this possibility, after the seven-point 
calibration was obtained, the initial solution was 

measured several times and a line drawn parallel to the 
calibration line through the reading obtained for the 

Pow LolesOlucion., Then, wsing this plot: to calculate 
picekuerence, leyvedopgtsingle solutions of various 
interference ratios were measured (Table 4) in increasing 
concentration order. The carboxylate salt solutions were 
prepared in’ 0.1eM H,SO0), and.0.53NaGl. and the Gron( Bi) 
ammonium sulfate was prepared in 4 M H,SO,. The 
interference’ Lleveledue to malicliand pyruvic acids ‘could, 
presumably, be lowered if more acid was used, similar to 
the citrate system. 


Interierence with the pco,, Hlectvrode 


While: Tt Vs. apparent that, vne reaction. .or some 
acids with iron(III) can be minimized by adjusting the 
Oiywounen acids imverfere In. a Giiterenc manne 1 7 oer 
DY Olt Lusing sacrocs Une. gas permeable membrane anv lune 
interna! fillingssebution of therelectrode, dissoctatving 
there, and causing a pH change. These acids cannot be 
easily removed from the internal filling solution. In 
the literature acetic acid is the only molecular species 


aie, 


reported to interfere in this INanner. 
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TABLE 4 
Interferences in Oxalate Analysis due to Tartrate, 
Malate, Pyruvate and Malonate. 


Interfering Ratio, Absolute % Error 
Oxalate Carboxylate Oxalate:Carboxylate (Calculated from 
Concentration,™ Salt Salt Calibration Plot) _ 

Sales tartrate eas 0.4 
5x10 tartrate 1:3 3 
ix1073 tartrate 1:4 0 
1.5x1073 tartrate 1:0.3 o.2 
1.5x107> tartrate 1:1 0.7 
2x1073 tartrate es 0 
3x1072 tartrate e067 0 
4x1073 tartrate 1:0.25 4 
5x107 tartrate 1:5 | 0 
exo tartrate 7:6 3 
5x100, tartrate P10 10 
5x10" malate F045 7 
5x107: malate sw 8 
5x107 malate 1:2 10 
SDT! malate 1:4 13 
5x10" malate 1:6 | 20 
5x10" malate 1:10 2} 
5x10" malate 1:20 26 
5x107" pyruvate 130.5 y 
Bx10n. pyruvate ioe. 10 
Bross pyruvate qi 34 
Sulina pyruvate 1:4 55 
Bxton pyruvate 1:6 74 
5x107 malonate 1:0.5 3 
Sx107" malonate 1:1 0 
Sale malonate 1:2 2 
5x107 malonate 1:4 2 
Beng? | malonate 6 6 
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Formic acid, 
HCOOH 
propionic acid, 
CH.-CH.-COOH 


3 2 
and other small carboxylic acids also appeared to diffuse 


Slowly across the membrane. Pivalic acid 
CH 
| 3 
Cesare Roe 
CH 
5 


entered the internal filling solution and caused a 

large change in the reading, too. Quantitative measurement 
Stavtes rave of diffusion was difficult to obtain. iA 

more serious problem was provided, however, by ringed 


compounds such as benzoic acid 
COOH 
t 


or cinnamic acid : 
HE=CH- COOH 


O} 


In both cases the millivolt reading of the electrode 


dramatically increased upon addition of these compounds, 
often reaching much higher millivolt readings than were 
possible with carbon dioxide solutions, After exposure 
to these acids, soaking for several hours in an aqueous 


solution failed to achieve baseline readings. The 
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internal filling solution had to be changed many times 


and the electrode thoroughly cleaned before it became 


serviceable again. Phenol 


Was another species! that was found to‘diffuse through 
che membrane. However, it. did not cause the pH of ‘the 


pcvernal filling solution to change as dramatically«as 


the above two acids (K, for benzoic acid is 6.4x107>, 
K, for cinnamic acid is 3.5x107? and K, for phenol is 
ibe aes alae 


Another substance which seemed capable of 
Clafiusing inte the internal f#lling solution was) CL, 
apparently because of its hydrolysis in water. 

Other gases capable of hydrolysis and causing 
gop chance, Such as ammonia; Were noUsintert erences 
because of the acid conditions under which the 


electrode was used. 


Pil 


: 
in 
r 1 
f ’ 
Egtavrow 
yi y 
a by 
ote ie 
j : 
ei 
ad 
“ 
rsh. 1 
ie 
Ly 9 
i. ; , 
} ay 
a 
Me 
« 
b. / Aes 
{ ae vt 2 oo 


ry +s : 
Aes ws ; sate wih eines 


A: J 
oy Ae 
N a oo " ‘ 
\/ & © 4) . b 3 is a " 


. A s 
| 
x + 
we r % e. 
ae “ fn ee 
prota tt aga | be * 
14.4 
at nl , 
: r * ‘e | i 
> a bye * 
i ; h ENE Se eh Or Bees. 
.s ig 
f 


Livi a FE he saieaed “it ORB QR 


is ‘ vy Alied. ao 
yo efdésasn aestky ysrig0 
- f > = * ° 
Late he 
ri a 
j iE 7 t f f 
2. ae Pete CES ES ahh 422 
i i a) ¢ C. ; i) 
. : - oo . 
r as ee é > & 
te: og thas OO Flow ane F ; 
an ag y F (fears ee ee Fe a: ae! 


“aw « ve . bea aa, sbori oat 


88 


SUMMARY 


After a review of the chemistry of the iron(III)- 
oxalate system, a method was developed to determine 
oxalate photochemically using excess iron(III) in an 
actoic medium. . The oxalate was .xidized .to, carbon 
dioxide, which was measured with a pco, electrode. iia 
history of the development of this electrode was 
presented. The determination could be carried out either 
batch-wise or in a continuous-flow mode. A sampler, 
proportioning pump and reaction coil from a Technicon 
single-channel AutoAnalyzer were used in combination with 
Gevisible or ultraviolet radiation source and an 
Instrumentation Laboratory pco,, electrode in the flow— 
through system. This experimental design provided a 
relatively fast and accurate method of analysis for 
oxalate concentration. An advantage over previous 
methods for oxalate determination using the iron(III)- 
Oxalate reaction is that the determination, of ‘carbon 
dioxide.is more specific than the measurement. of the 
iron(II) produced upon irradiation. 

A rate of analysis of Uthres or four samples 
per hour was chosen, primarily because of the slow time 
response of the electrode. The acidity, tonic strength 
and the presence of other anions were not found to be 


critical variables for the iron(III)-oxalate analysis. 
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The optimization of the iron(III) concentrations was 
discussed. Investigation into the interference produced 
Dye OUNEYr Carboxylic acids bed ito the conclusion that 

at high acid concentrations the extent of their reaction 
was usually greatly reduced. At low acidities, on the 
Other Ihand j othe rconcentratiton tof ‘iron (Lil )—carboxylate 
formed by many of the carboxylate salts was sufficiently 
great that the photochemical reaction could be used to 


measure their concentration. 


The pCO, electrode has had only limited use by 
analytical chemists and so a brief study was undertaken 
Of potential interferences. Organic acids of low 
molecular weight and aromatic compounds appeared to 
diffuse through the membrane rendering false readings 


for vne pcO, of a test solution. 


Because of the slow speed of analysis necessary 
with the pCO, electrode measuremeny On ovine Carbon Cloxide 
evolved from the carboxylate analysis and also because of 
the inherent errors in the use of the gas electrode, 
further investigations of the iron(III)-oxalate and 
iron(III)-carboxylate systems were carried out via 
computer octlears acne tere The’ Concentrations on Loni? 
species present in various solutions as a function of 
the iron(III) concentration, acidity and anion were 


evaluated and are presented in the following chapter. 
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CHAPTER 3 


COMPUTER STUDIES OF IRON(III) EQUILIBRIA 
WITH CARBOXYLIC ACIDS 


INTRODUCTION 

For maximum effectiveness of conversion of 
Oxalate to carbon dioxide “by irradiation of the iron(lI1) 
Complex, Une Iraction.of Oxalate in*the form of the 
iron(lIl) complex must be maximized. The optimization of 
Conaicrons tO achieve this” as nou simple.” “ins, the 
Seoncentration of iron(lll), of acid, and whe concentration 
and nature of the counterions that are present must be 
taken into account. Chloride and sulfate, added with the 
iron(III) or acid, or present in the sample, form complexes 
that decrease the amount of free iron(III) available to 
complex with the oxalate. Also, when the carboxylic acids 
are present as interferences, it is necessary to adjust 
@onditi0ns’ so as’ to minimize their erirects.° 40r, when otner 
carboxylic acids are measured by irradiation of their 
iron(III)-carboxylate complex, the conditions must be such 
as. to form the maximum amount. of complex. .Iron(lI1) 
formation and acid dissociation constants for many of the 
carboxylic acids are available, but in systems containing 
a large number of components, many reactions are 


interdependent. Because manual calculation of the 
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concentration of each species in such systems is difficult 


and time consuming, a computer was used to aid in the work. 


Previous Work 


Dil 


Swinnerton and Miller used a digital computer 
in 1959 to determine equilibrium ion concentrations in 
solutions of iron(III) ammonium sulfate, ammonium 
Crvexalavoferrate'( PIE) s"oxabie "acid Sodas Sun toeeTa te and 
Sureuric tacid? ©-Hydrolysi's of tron@irr)“and “ammonrum tons 
was neglected in their system. Figures showing the effect 


3 


of sulfuric acid concentration (10. engi N) on the 


Sree rout Orrorvchemrea lr specres ity O50 i *ammorrum 
trioxalatoferrate(III) and the change in concentration of 
Wre=varrous species’ in 0.03 M potassium oxalate), and.0 uN 


sulfuric acid over an iron(III) ammonium sulfate 


! a 
* to 10 s Mevere  icluccd rine 


+ = — 
Specres iit -thelr=calcularions were tr”; HSO )) : SO), a H,Ox, 


2 


concentration range of 10. 


Hox, Ox"°, Fe’, FeOx", Fe(Ox),” and Fe(Ox) 73. 


Extension of this Work 
For this study, Swinnerton and Miller's work was 
extended to include the hydrolysis of iron(II1) and 
formation of sulfate and chloride complexes of iron( IIT) 


under a variety of conditions. 
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EXPERIMENTAL 

The Newton-Raphson method of successive 
approximations used by Swinnerton and Miller was employed 
here, but with several modifications. In their study, the 
appropriate mass balance and equilibrium constant equations 
were first listed and then the initial set of equations 
(4 mass balance and 6 formation and acidity equations were 
necessary for their system) in 10 unknowns were combined 
erpcepraically to yreld 3 equations in 3 unknowns. initial 
guesses were tabulated for these 3 unknowns and successively 
corrected until the desired precision was obtained. From 
these data concentrations for all 10 species then could be 
ecaiculated. 

To apply this method, computer programs were 
written for the University of Alberta IBM 360/67 computer 
by D. Webster of the University of Alberta Chemistry 
Department. Appendix 1 contains an example of one program 
that was used. sSincé a versatile program was necessary 
to allow calculations to be performed with a variety of 
species at different concentrations, the system was 
reduced to n equations inn unknowns, where n is the 
number of mass balance equations used. (Initially, four 
mass-balance equations, in iron, sulfate, hydrogen and 
oxalate, were employed. 

Equilibria involving dissociation of ammonium 


ions or formation of ammine complexes were ignored 
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throughout this work. Formation constant data were 


included for HSO,”, FeSO," , Fe(S0,). 
~ - + 
Fe(Ox). 3 HOX+ 4, H,Ox and FeOH £0 Values of the constants 


that were used for these species, along with others later 


ea ae af 
,.teOxe Fe (0x). . 


added-to the program; larevtabulated.in Tabres5. Stapiieitcy 
constants were chosen, where available, at an ionic 
strength of one and a temperature of 25°C as. Cis 
represented the experimental conditions more’ closely than 
standard conditions of zero ionic strength and o°c. Later 
the program was extended to include chloride and citrate 
species, which increased the number of mass balance 
equations and hence the number of initial guesses 
requmred. Table 5 conbvatins theseformationgegonstants fer 

2 2 


= x Ss 
the added FeCl’, FeCl,’, FeCl Peli). Becit y) HOie oe. 


2 53 


H,Cit and H,Cit. 

inealin catoulations the contribution to the 
hydrogen mass balance from the hydrolysis of iron(II) 
was. assumed to be” smalls* this “anount ys? for simplicity jewas 
omitted in the value given to the hydrogen mass balance 
equation» ..The. validity.of this. assumption was confirmed 
for most.of che. calculations. Furthemicorrect lone were 
not added for those cases where the assumption was invalid. 


(Below pH 3 a negligible error was introduced.) Activity 


coefficient corrections were omitted: 


* Cites used as the symbol Tor citrate anion ehroughiout 
Ghis thesis. 
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TABLE 5 
Equilibrium Constant Values Used in Computer Calculations 
of Species Concentrations 


Formation” Temperature 


Ligand Species* Constant He Medium® Reference” 
Oxalate FeX 3.89x10! 25 0.5 LiCl0, 58 
. FeX, 4 .39x10 25 0.5 LiClO, 58 
FeX, 3.09210) 25 0.5 LiClO, 58 
HX 4 .37x10 25 1 NaC10, 59 
HX 3.72x103 25 1 NaClo, 59 
Sulfate FeX 1.07x10° 28 1 H(C10,) 60 
FeX,, 1-01x10° 28 1 H(C10,) 60 
HX 1.29x10 20 1 (Nac10,) 61 
Hydroxide FeX 1.00x1079 25 3 (Nacl0, ) 62 
Chloride FeX 4.20 2627 1 (H, Naci0,) 63 
FeX,, 5.46 26.7 1 (H, NaCl0,) 63 
Fex, 2.18x10~+ 2607 1 (H, NaCl0,) 63 
FeX), 2.29x1073 20 0 corr 64 
Citrate FeX 7.08x1071 25 1 Nacl0, 65 
HX 1.21x10°° 25 1 (KNO,) 66 
HX pier 25 il (KNO.) 66 
HX - 2.19x10 25 1 (KNO3) 66 


ax is the ligand; charges on species omitted for simplicity. 

Overall formation constant, 

“0.5 LiC10, means a constant concentration (0.5 M) of LiclO, has been 
used. 

1 H(C10, ) means the concentration of H was held constant at 1 mole/liter 
with C10), as the inert anion. 

1 (NaCl0, ) means the ionic strength was held constant at 1 mole/liter 
by the addition of NaClo, - 

0 corr means constants corrected to zero ionic strength. 


dail references from The Chemical Society's "Stability Constants of 


Metal-—-Ion Comeierenne 


4 ae 
i 
¢ Ff ie a 7 4 
Da tie melt heya: 
; i * TV sie f 
et i ay yin Di Re ’ Rie 
; LT | \@ Sheed : se rae : 
i) i tf A F ; i> - t ) oo ; ane hi ee, 3s aie ; 
Ue dp } in hl at + Le 
is t "i y ‘ l 


Rie i‘ via, is +i by ig ann tt 


¥ 
5 Steere 
wd $i f 3 Se a) 9) ; i it vy 2 gy 
ot : 
fot Ts ae she ee a 
awe 6) “~ 4 a ‘ 
- ae. Tt 
n Loy. % } pecs 
; ’ : wa 4 om eM 
graven (G20 =" ve ate i. a 
Or Lv ark! , "| aS ’: 
a ey, j 4 * bal : at ; 
ae 92 OVO OP | olen” aaa 
a : « PR . ee yk oa 
(2, ae E A U 49 - 
i } t n / ie: ' x" Bye, . ry ly 3lt 7 
# 4 ee. 4 , © 
4 . ' 
He’ & : FT ’ : Oi Ae F ’ i. Ww Ke a 
v. ‘ ' 
U mi i4 » f i" { ray , ‘ ir vv ‘i re 
t' fi t “ F ve =) ; 
iM pe At ‘ + 
4 ; . " ote Sea 7 
- ba as 
hake i a 
He Aa : Is ; em p 
a the coy te r th 
iM } tS ae Av ’ 
hem By A 
i = S. ) Ty (a4 
H “ 
ii : 
# C Ss \ ¢ ok a ¥ Z % 
a pall | Ps 7 Z 1 
i : eo . “ i Oise a. 8 at.) e 
, | ; s ‘; 
) ¢ ores. S ma. Gee 
i ; } 7 , 
at, a “ _ i. 
yt) ci Of I ets) ak a io ; 
* ‘ a 
| i {\: ey rT a CLurs: 3 Pome’) 


% ‘4 nm 
| ; f r Dil: oie eae? 

Die TROL. S a Mal 
’ ~ ,) ~ , ~ A ui} ¢ r pi 
a fi . ’ we 7: 
ip » Vitis qores ; DSU seleage nm Coe teny 3 ‘Prt we, ht at iT 

i ( 


Ae aes sag 7 L' Been: eh main «ath RAC! t 


ve 3 | ae 
‘an Hea TAN pret) TO (f fi th eas iy neh ae a 
Bee aie a We be ia 
ee ea pe Nae A Kenos fied sepa Te ceabiwedfespitn. 8 oid Fook cane 
a neta ‘etacrd ats _ ke aie 
eee Sion ot ow! deed erie) Olen ite ulna a, Digs: outs erent (4? oenet 
RAL ae jOPgl Ae notsnnoie Po os 
ie witha mete dant break ac fait lagsions Ngredeneg ” snowed a, } 2 
Cai) oe rh atybne des foie to edd met, Keoamae 


_— 


Be 4 


mo Oa agra tees nol~2eae rin 
Set : rites ” 
J ie “AU OR Ce if y ae! 
af y na ; ; ip’ 
* wii * 
” ; Pe 
wn 
CA a ee mai , 
; , : Vow tie Py ‘y ie | J it: a! Ly a 
: es i Pavey an | 
“Se Gs F i 


iy Dah dae } 5 y 
%! Ae 7 j Hata . i vy f ae p 4 


*e : ae My 
| ht ices an 


95 

In the Newton-Raphson method, values of the 
derivatives of the n equations are evaluated with respect 
to each of the n unknowns. For each set of conditions, 
values of the n x n matrix coefficients, the right hand 
side of the matrix, the corrections to be added to the 
original estimates and the corrected estimates were 
printed. In this way, the number of times the iteration 
had to be repeated and hence the speed of convergence could 
be ascertained easily. 

Uncertainties in some of the results may be 
moderately large. Double precision was used throughout, 
but because concentrations and constants often varied widely 
in magnitude, some truncation errors were introduced. 
Further, since the equilibrium constants were measured under 
& wade range of conditions and by different workers, the 
results may not be completely uniform and constant. However, 
they were useful to indicate trends and aid in selecting 
experimental conditions. 

In the second “part of these Conputer caleulations:, 
data for the formation constants of other iron(lII)- 
carboxylate species and acidity data for these acids were 
substituted into the program in place of the iron(III)- 
oxalate formation and acidity aceeades The carboxylic 
acids which were chosen for study, and their formulas, are 


listed in. Tabie: 6; while Table 7% gives their) formation sand 
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Carboxylic Acids Chosen for 


Acid 


Formic acid 


Acetic acid 


BOO Ont Cec Tt 


puUccInieG acid 


Lactic acid 


Malonic acid 


Malic acid 


Tarteric acid 


Mandelic acid 


Equilibrium Study 


Formula 


H-COOH 


CH.-COOH 
3 


CH.-CH,-COOH 


COOH-CH.,-CH.,—COOH 


CH.-CHOH-COOH 


COOH-CH.-COOH 


COOH-CHOH-CH.-COOH 


COOH-CHOH-CHOH-COOH 


(oigk toee ot 


rt oe ; we 
hot ne 


i re aN Ph, Ae 


Ha 
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TABLE 7 


oT 


Equilibrium Constant Values Used in Computer Calculations of Species 
Concentrations for Different Carboxylic Acids 


Ligand 


Formate 


Acetate 


Propionate 


Succinate 


Lactate 


Malonate 


Malate 


Tartrate 


Mandelate 


Species® 
Fex 


Formation 
Constant 


T. 


apelpr. 


8. 
es 
an 
i 
a 
PE 
es 


4 
7 
at 
a 
2 
2] 
2 
ts 
Ike 


ae 
8. 
5. 
3. 
T- 
. 
4, 
Se 
Al 


08x10 


07x102 
91x103 
26x102 
40x102 
26x10° 
01x10° 
00x10" 
82x10 


57x10" 
-59x10 

51x10? 
58x10? 


51x10° 


-48x103 
88x10! 


10x10! 
29x10? 
26x10! 
52x10! 
13x10" 
09x10 


24x1027 


48x10° 
90x102 
13x10 
38x103 


b Temperature 


SG 


25 
25 
25 
20 
18-22 
18-22 
18-22 


Medium 


1 NaClo, 
1 NaClo, 

1 NaCclo, 

0.5 Liclo, 

1 (KNO) 

1 (KNO 

hi 3? 
0.2 (KCl) 
0.5 Liclo, 
1.00 (KNO 3) 
1.00 (KNO,) 
0.1 (Naci0, ) 
0.1 (NaCclo,) 
0.1 (NaC10,) 
0.1 (NaClo,) 
0.1 (KC10,) 
1 NaCl 

1 Nacl 


x (KNO 3) 


ax is the ligand; charges on species omitted for 
simplicity. 
Poverall formation constant. 
a means an ionic strength of 1 mole/liter. 


1 NaClo, means a constant concentration (1.0 M) of 


Naclo), has been used. 


ai (KNO3) means the ionic strength was held constant 


at 1 mole/liter by the addition of KNO 


3° 


+ 0 means extrapolated to zero ionic strength. 


a 


Reference? 


68 
68 
68 
69 
70 
70 
70 
fa 
T2 
te 
58 
Hee) 
To 
74 
75 
58 
fe: 
73 
76 
Ae 
77 
78 
fe, 
80 
80 
81 
82 


All references from The Chemical Society's "Stability 


Constants of Metal-Ion Complexes 6 
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98 
acidity constants. Only those acids which had both a and 
4+ 
Fe 3 stability constants listed in The Chemical Society's 


nO 


"Stability Constants of Metal-Ion Complexes were chosen 
for analysis. Thus, some interesting carboxylic acids were 
NOU Studied...» Of those, carboxylic. acids chosen for Study, 
only those iron(II1)-carboxylate species which formed 
without the displacement of hydrogen ions were included. 
Only the simplest iron(II1)-hydroxide species was included, 
primarily because inclusion of polynuclear hydroxides 


markedly increases the complexity of the system. Some data 


regarding these species are included in Chapter 4. 
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RESULTS AND DISCUSSION 
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Equilibria 

ine effect of the iron(IIl) concentratiom on the 
amount of iron(III) oxalate complex in solution was 
investigated by varying the iron(III) ammonium sulfate 
concentration between 5xtOce and Tx Loe M in a theoretical 
solution containing 1 M sulfuric acid and 1x107! M oxalate. 
The calculation was repeated with the sulfuric acid 
replaced by hydrochloric acid and the iron( III) added as 
the chloride species. « thirdtealculation Was@perfiormed in 
which the interfering counterions, sulfate and chloride, 
were»deleted. The data obtained are presented in log-log 
DLOtS in Piicures, 20, ecleand 22AThe-calculatvedMeoncentratrion 
of the species Fe(Ox) "7 was below the range covered in all 
of these diagrams. 

jayvall’ three cases the FeOx concentration 
increases with increasing iron(III) concentration, as 
expected. Concentrations of the di- and tri-oxalate 
complexes and the free oxalate are several orders of 
magnitude below that of the monooxalatoferrate(III) species. 
At moderate to high concentrations of sulfate or chloride, 
the fraction of AronGlil)» tied Up as eultate or chloride 
complexes is more than the amount bound as the iron- 


oxalate complex. 
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Concentration of FeNH,(SO,), ,M 


Figure 20 


Brrect oT iron( fl" Ammonium Sulfate 
Concentration on the Distribution of 


Chemical Species in tone M Oxalate 
and i> M Sulfuric Acid. Ionic charges 
oMmatted tor simplicicy. 
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Molar Concentration 


figure 22 


Concentration of FeCla, M 


Brrect of Lron( Lil) Chloride Concentration 
en the Distribution of Chemical species, in 


1x107" M Oxalate and 1 M Hydrochloric Acid. 
Tonic charges omitted “for*simplicity’. 
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Molar Concentration 


Figure 22 


+3 
Concentration of Fe ,M 


Effect of Iron(III) Concentration on the 
Distribution of Chemical Species in 


aor M Oxalate and 1 M Hydrogen Ion. 
Ionic charges omitted for simplicity. 
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Effect of Variation in Acid Concentration on Equilibria 


A ‘second set of calcylations was done in witch 
the concentration of acid added was varied between 11071" M 
and 10"M: In each case, the totdl coficentration#of"oxalate 
was held at on M, “and: iron ( Ler) at 35107 | Me Ths 
iron(III) concentration was chosen so as to provide an 
excess of iron(III) relative to oxalate (each mole of 
oxalate requires two moles of iron(lIII) for complete 
oxidation) and yet to minimize screening of radiation in 
the photolysis step due to the absorption by iron(III) or 
its sulfate and chloride complexes. The first experiment 
used sulfuric acid with iron(III) ammonium sulfate; the 
second, hydrochloric acid with iron(III) chloride; and the 
third, perchloric acid with iron(III) eeretliar ee oem 
With moOrinterfering counterions present.” The data “eptained 
are |shown Ofatog=-loe pilots in. Figures 23.) 24 hand. 25. 

From these calculations, LG; ts evident that the 
optimum concentration ‘of. acidurequired vo. produce, the 
maximum concentration of FeOx’ is generally below Of. 1°M. 

As expected, with increasing acidity the protonated oxalate 
species become more predominant. Concentrations of the di- 
and tri-oxalatoferrate(lII1) species are a factor of ten or 
more below that of the monooxalatoferrate(III) complex. 
The concentration of the iron(TIII)-hydroxide species in 


1x20; M acid is significant; in general, at pH values above 
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10" 10 
Concentration of H,SO,, M 


10° 10 


Bifect of Sulfurien Acid Concentration. on. the 
Distribution of Chemical Species in 1x10. M 


Oxalate and age M Iron(III) Ammonium 
puitate, Jonie scharees omiLredyiornsimplicity. 
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10° 10% 10" 10 
Concentration of HCl, M 


Effect “of Hydrochiorre "Acra¥concentration on 
the Distribution of Chemical Species in 1x107 
M Oxalate and 3x107 | M Iron(III) Chloride. 


Ionic charges omitted for simplicity. 
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Eifect -of Hydrogen lon Concentration on the 
Distripution of Chemlealeopectes, in ill i 
Oxalate and Bical band M Iron(1lipe llonie 


charges omitted: fort simcity, 
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3, the error due to the initial assumption that the hydroxide 
species can be neglected in the hydrogen mass balance 
equation is appreciable. However, above pH 3 the system is 
not of practical importance for the purpose of this work. 
As the acidity is raised by the addition of sulfuric or 
hydrochloric acid, the concentration of the counterions, 
euafate ore chiori de) cincreasesmandothus ,C also ,#the 
concentration of the iron(III) complexes formed from them. 
Comparing Figures 20 and 21, and 23 and 24, a 
Slightly greater amount of monooxalatoferrate(III) is formed 
in the presence of chloride counterions compared to that 
formed when sulfate is present. This confirms the 
experimental data presented in Chapter 2 which showed no 
decrease in the amount of carbon dioxide generated from 
oxalate analysis when hydrochloric acid was substituted for 


sulituriec acid 


Iron(III) Equilibria with Citric Acid 
Calculations: samilar toythose for oxalate were 
Pier cami ed iouer utenti 10m" M total citrate in which the 
concentration of iron(III) ammonium sulfate was varied from 
5x10° to 0. 14M sin dM sulfuric acide pnwaddi tional sep: OF 
calculations was done in which the sulriric acid 


-4 
concentration was varied between 1x10 and 10 M at an 


4 
iron(III) ammonium sulfate concentration of 3x10 M and 
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citrate concentration of 1x107" M. From the results 


presented in Figure 26 it can be seen that in 1 M 
sulfuric acid, the predominant citrate species is the 
molecular acid at all iron(III) concentrations although 
the iron(III)-citrate complex increases in importance as 
the iron(II1l) concentration is raised.» In Figures 26,) 27 


3 


was below 


the ranges plotted. Figure 27 shows that above 1x107° M 


and 28, the calculated concentration of Cit 


sulfuric acid the amount of iron(I11I)-citrate complex formed 
rapidly decreases and the protonated forms become more 
important. The influence of acid concentration on the 
iron(II1I)-citrate reaction observed in Chapter 2 can now be 
understood. The behavior of other species such as the 
iron(III)-sulfate complexes is similar to that observed in 
the oxalate calculations. 

A-further calculation was done of the effect of 


4 


acid concentration (1x10 © to 1 M H,SO,) on equilibria in 


a solution containing 1x107" M total oxalate and 1x107) M 
total citrate. The analytical concentration of iron( III) 
ammonium sulfate was held at cere M for these calculations. 
This iron( III) concentration is insufficient to provide the 
stoichiometric amount needed to oxidize the oxalate and 
citrate to carbon dioxide. The effect or “acid over the 


range ByiO to 1 M H,SO, was similarly computed in a 


2 
: -4 
solution containing analytical concentrations of 1x10 M 
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Figure 26 


Effect of Iron €liL) Ammonium Sul fate 
Concentration on they DisetripuvLon oF 


Chemical Species in 1x107" M Citrate 
and 1 M sulfuric: Acid. Tonicwcharzes 
OMniTtted for sinmplieLin, 
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Concentration of Hj,SO,,M 


Effect. of Sulfuric Acid Concentration cn the 
Distribution of Chemical Species in 1x10 ° M 


Citrate and eae M Iron(III) Ammonium 
Sulfate. Lonnie. charges, cmacteu! Tor simpli ety. 
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oxalate and 1x1073 Mei vupate, Whe analysis) Olmixbures Of 


the two carboxylic acids resembl@s the combination of the 
two separate analyses with the exception that the two 

carboxylic acids must compete for the available iron(III). 
The data obtained for the 1:1 oxalate:citrate calculation 


are shown in Figure 28. 


Tron(lII) Equilibria with Other Carboxylic Acids 


as @ Fumcuion of Acidivy 

The acidity was found to be an important variable 
fOreamany ot the e~arboxyiic acids srudied“in” Chapger 2. To 
aecertain the efiect, of acidityson’ a variety of carboxylate 
Sangs, andividual calcudbationse were done onysobutions of 
ixter 4 M carboxylate, 3x107 4 M iron(III) ammonium sulfate 
and sulfuric acid varying between ixi0 ind, 1 M. The 
effect of acidity on the iron(II1I)-carboxylate species is 
ShHOowniin @aigune 29.0" Por. comparison, {the mcorresponding 
resultsyervained with oxalate and citrate are also anecluded. 
The importance of pH on the degree of formation of the 
complex is evident. Because oxalate forms the strongest 
{ron(111)“complex of all the carboxylic acids studied, the 
pH’ of the: ‘solutions to be analy zedicanmberilowered: to 
decrease: the extent of formation .of-Othern iron-carpoxy late 
complexes while still maintaining a high concentration of 


iron(III)-oxalate complex. 
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Figure 26 Effect*of sulfuric eld Concentration on 
thes Distribut ion.of) Chemicals Species! dn 
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Ixosee iP Oxalate, BoerU srs Meco mare arid 


2x107 M Iron(III) Ammonium Sulfate. Ionic 
charges: omitted. forws imp icastpy: 
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Figure 29 
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Concentration of H,SQ,,M 


Brfect of Sulfuric Acid, Concentration on otie 
Concentration of Iron(III)-Carboxylate Species 


for a Variety of Carboxylate Salts (1x10 ° M) 


ar 3x107" M Iron(III) Ammonium Sulfate. Ox is 
Oxalate, Cit is “citrate, Form is formace, 

Oke is acetate, Prop 2s > propionate, suce vs 
succinate, Lact is lactate, Malon is malonate, 
Mal. Yo madtate, Tartar tbarvratre. and, Mand... 
mandelate. lonic charges omitted for 
Samp uC iG yy: 
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The data were of limited usefulness in interpreting 
the ion selective electrode data. Because of the 
availability of oxygen in the AutoAnalyzer system, less than 
stoichiometric amounts of iron(III) could be used under 
optimum conditions. Furthermore, the calculated data are 
Paty Valid tor an initial non=-irradiated solution. As 
oxalate is removed, new equilibria are reached. 

These data are useful for the gas chromatographic 
method of determining the evolved carbon dioxide as 
described in Chapter 5. In that method, as oxygen is 
present. if the quantum efficiencies of both the 
iron(II1I)-oxalate and iron(IlII)-interfering carboxylate 
are identical, then useful information could be obtained 
about the amount of interference to be expected. This, 


however, does not seem to be true. 
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SUMMARY 


A Newton-Raphson type of calculation was done 
to estimate concentrations of the species present’ in 
Polucrons Of: (a) iron(liL) ammonium Saiteaten sulfuric 
acid and potassium oxalate; (b) iron(III) chloride, 
hydrochloric acid and potassium oxalate; and Coy) Tron») 
ermmonium sulfate, sulfuric acid and a. variety of 
Dearvoxylave Salts. Graphs: are shown, to i] lustrate che 
SParecueot Variation ‘in Tron( li) concentration.) acid 
Concentration and anion on the degree of formation of the 
monooxalatoferrate(III) complex. Studies of the effect 
of acidity on the extent of iron(III)-carboxylate 
formation were undertaken for the formate, acetate, 
Preopenacre, Succinate, Jactate, -malonave, malate, eitric. 
tartrate and mandelate systems. The data obtained 
confirmed that of the acids studied, oxalate forms the 
strongest iron(III) mono-complex, and also that in all 
Svercems. as the acidity As raised, the extent of 
formation of the iron(III1)-carboxylate complexes is 
decreased. This confirmed experimental results which 
showed the interference from other carboxylic acids on 
the iron(iii)—oxalate reaction to déerease with 


decreasing pH. Tovaid in further cpuimizingr che 


experinental parameters the following) chapter will 
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present spectra for some of the systems studied in this 
chapter. The differences in the spectra as a function of 


acidity, anion, and carboxylate. added will be evident: 
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CHAPTER 4 


SPECTROSCOPIC STUDIES OF’ TRON(II1)—CARBOXYLATE 
COMPLEXES 


INTRODUCTION 
Nozaki and Ce Lina eSDECEPOSCODILC svuay, 
moumd That ts), lea and les oxalate complexes iof JronCl lL) 
formed in aqueous solutions. They estimated the molar 


absorptivities at 290 nm to be 1.6x10°, 3.2x107 


and 

44x10, respectively. The ultraviolet absorption of 
these complexes was used as the basis for a method to 
determine veonnmn | oxalic acid-and Pere nimi 

To determine oxalic acid, iron(III) was added 
to the oxalate solution to form the monooxalatoferrate(III1) 
complex and the absorbance of the complex measured in 
Perch loric acid solution at. 290 nm. ~Calcium(ill) was 
determined by precipitation as calcium oxalate, the 
Drecipiltace then dissolved. in perchioriceacidvand the 
Oxalate measured as above. 

The iron(III) complexes of sulfate, chloride, 
and hydroxide also absorb in the ultraviolet region. The 
radiation emitted by medium and low pressure mercury 
lamps, unlike that produced by tungsten lamps, is not 
continuous, but consists predominantly -of mercury 


emission lines of varying intensities.) Bothy or these 
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factors must be considered to obtain the most effective 
radiation for decomposition of the iron(II1I)-oxalate 
complex. Since the presence of other absorbing iron(III) 
species not only decreases the amount of iron(III1) 
evewlap le for complex tormati on witn oxalate as seenwin 
Chapter 3, but also diminishes the radiation reaching the 
oxalate complex, theoretical and experimental studies were 
wager cakccn CO°™ODLIMmI Ze Condiv2 ons “86 as CO be abler vo 


minims:ze their Filtering effects. 
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EXPERIMENTAL 


Spectra were run on a Cary 118 recording 
spectrophotometer in the Auto Slit mode, using l-cm 
rectangular silica cells. A chart speed of 10 nm/in 
and scanning speed of 1 nm/sec were employed, along with 


automatic baseline correction. 
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RESULTS AND DISCUSSION 
Background Absorbance in Iron(III)-Oxalate Solutions 
Molar absorptivities over limited wavelength 

regions are available for each of the sulfate, chloride 
and hydroxide complexes of iron(III) discussed in 
Chapter 3. Using thedata listed"im Table 8, together 
with concentrations of all complexes present in solutions 


containing 1x107" M total oxalate, 1M H,S0, or HCl, and 


2 
iron(III) concentrations ranging between 1x107" anad{0.1 M 


as FeNH, (SO) ), or Fecl. (data from’ Pigures 20 and 2), 


3 
estimates were made.iof the total feontribution to the 
absorbance of these solutions from species other than 

the iron-oxalatecomplexes. Table 9 summarizes the results 
at two wavelengths, 300 and 280 nm. In all cases, the 
total absorption increases markedly with increasing 
iron(III) concentration, as expected. However, at these 
wavelengths the contribution from the chloride species 

is less than that from the sulfate species. When the 
concentration of iron(III) to be used for the oxalate or 
citrate analysis by ion selective electrode was optimized 
(Chapter 2, Figures 13 and 18), low ratios of iron(II1) 

to oxalate or citrate were preferred because other 
complexes screened the radiation from the iron(III)- 


oxalate complex at high iron(III) concentrations. A 


related reason could be the presence of absorbing 
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TABLE 8 


Molar Absorptivities of Iron(III) Complexes used to 


Calculate Total Absorbance 


Species” Molar Absorptivities Reference 
300 nm 280 nm 

Fe 300 800 64 
FeOH 2490 2050 60 
FeSO, 2160 1760 60 
Fe(SO)), 2910 2450 60 
FeCl 650 800 64 
FeCl, 1150 1200 64 
FeCl, 900 1900 One 
FeCl, 6000 6100 64 


“charges omipted! for simplicity- 
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TABLE 9 


Calculated Total Absorbance of Solutions Containing 
Complexes of Iron(I11)* as aahuneétion iof “tron wr ) 


Concentration and Anion 


Totaleabsorbance Total Absorbance 
Tor ya eve 
Total Fe(III) FeNH, (SO), ),-H,SO) FeC1,-HC1 
ecuseget oe 4? xe System) eet Le 
At 300 nm 
1074 O32 0.087 
1073 2.27 0.87 
107° 22.8 8.7 
=} 
10 2s ie 90 
At 280 nm 
=H 
10 Ono O20 
1073 lea Oe 
107° 198 avons 
1074 196. 104. 
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“exeluding the iron(III)-oxalate complexes. 
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iron(III)-hydroxide species at high iron(III) concentra- 


tions. In the computer calculations only one hydroxide 


: +2 F 
species, FeOH -, was included. This complex becomes 


Significant whenever the acidity drops to 0.1 M or lower. 


4 


However, other species, such as Fe(OH)", Fe(OH), and 


oo 
Fe .(0H) , > can a1lso,fovme nus ysaba.pH of 1, doniec 


strength of 1m, and total iron(III) concentration of 


0.1 m, the distribution of species is 35% Fe’, 5% FeOH™ 


ao 
45% Fe, (0H), 4 and 15% Fe(OH) "> a Under the same 
COnGitions.,,.but-with.a .totalimnon(lIt}-eencentrationuos£ 


9 m, the distribution is 85% Fe’? and 15% FeOH’~. 


ax20. 
Since at lower iron(III) concentrations there are fewer 
hydroxide species (which absorb more strongly than 
hydrated Fe(III) at 300 nm) and no Fe(OH) .*" (which 


Send na nt pee 


absorbs more strongly than FeOH* 
also have contributed to the better performance seen in 
Chapter 2 at lower ratios of iron(III) to oxalate or 


citrate. 


A similar study was made of the effect on total 


absorbance of varying the H5S0) op HChyconcentrations in 


uN 


a solution containing 12105, M total oxalate and 3x10 
FeNH)(SO)), or FeC1.. Data on the concentration of 
species present were obtained from Figures 23 and 24. 


The total absorbances at 300 and 280 nm for all species 


but the iron(II1L)-oxalate species are presented in 
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Table 10.. From the values shown in this table, it again 
is seen that at the high acidities at which the analysis 
2s Carried outrabsorptlon by chloride complexes of 

iron(III) is less than by sulfate complexes at ieee two 


wavelengths. 


spectra of Trontiip) Salts 

Only selected wavelengths could be studied as above 
because of lack of absorptivity data. To obtain more 
information, spectra were obtained for iron(III) ammonium 
Sulfate, tron( Ill) chloridesandyiron(IIl) perchl@rave in 
deM solutions of their respective acids (Figure, 3092), "Ihe 
concentrations of these solutions were calculated to 
within 1 to 2% from the weight of salt taken. The sulfate 
salt has absorbance maxima at 304 and 226 nn, the chloride 
at 336 and 222 nm and the perchlorate at 240 nm. Since, 
as discussed previously, ee analysis would rarely be 
performed in the absence of complexing anions, the sulfate 
end chteride, spectra were used*to calculate molar 
absorptivities at selected wavelengths. The principal 
wavelengths emanating from low and medium pressure 
mercury lamps have been tabulated by Calvert and Pitts&o. 
Molar -absorpthvi'tties: of the yironGlPe)msdolutionsmat 
wavelengths corresponding to those at which the lamps 
emit more than 15% of the energy of the most 
imvenss Jane in the 350 to 220 nm region are 


Tespens ti ab le 1. From consideration of 


; - a r. eas J Pome i hi 
sfusney FL Phe sd é is wh nt re els san Ley 


Oe ei 


; i i | 4 " abe M4 ee 
io Baza lamas | Set y of Roe 


i” 
ae cadd oa aaxeiaaoe edeitve 
t - 
* i, 
i “ig \ rN 
¥ » By 
&, a a } 
< N *, a - “ v 
YJ : : ra Ne) ri teg . ‘& ras i vaink sed 
Tio fh | 
; { ee 
ie ahacde of evely yiev-D diaper ie es 
~ A Pe Ae WIP : : : a) rae te 
Hh ae, wen “ve 
a ) ‘ae Pane ) 
i mitrromns: CELLU MOL. "tot tio Saga. same neg he 
j ; . ce Ry] i’, 7 ee 
| ty rc "CE 4 
) 2 ut sine ere) 


P \ 
‘ 4 4 7 re Ny 
j I aa 4 ‘ 13% (oa : ue Bhs. 4 iy & id 
M ‘> P| : N _e f 
) ‘yd Bes iAiaes ai mort = 
‘ - 7 f ha rT ¢ . ort ; 
| * - a rs } ij, } ‘ 4 N 
. ih" tite BSS ODE hs! Said ocean sania nla tha 
: ». » i 2 re ; 
a 1) sti! mig eae Sie: er ‘ges ‘$ i 
: yA \ " ‘ iF t =e a 
Wier . AR Ladies nea Lexo. lias eeateey be oir tb 
sr ey aay cau i ne 
ee Sim). . iter wy oiyunoe (oo i poiioods: >? P., a. boat - 
i) ; ' ne ; . ' ie ; | Ai i. 


es ‘ea event ooh ern Ke oi beaks srew, wrieeqe — 15 8 
Daly | a Pee ie ae 

ee ipgivarrg sal its ana ‘he pibgle ~ ta aah pine’ ' 

0 ee . 

wy Slnaeety Mu liom < ih tod sen ita st 
‘igual alee . | Sy 


esc bo Perso ga oi odenedse ae yes ort, oa 


‘we gnod owls CEU en ‘36 ety onvtoers . 
rah. he ; ' Ve _ ad ih 
eget : ahs) is Bi ty 18 onna ow gat arnaowrrvey p “ow 
. | ! a er 


if iLike 


wom = sa oi, Q apeae sac 


ae a a i fy éit edt ti ase a 0 sa lw nH : 47: ii ene ira 


A 1 ; ani aan 


, a a ge 
ee ne, * 2! rit 7 kaa ab b : whi a ; ele rt 


ie onan a 


nits 
Eiht a i Sees 


i 


ae Wah) 
¥ hy mre ly 
Cos ss ae 


125 
WM eds BH lamer 10) 
Calculated Total Absorbance of Solutions Containing 


Complexes of Iron(III)* as a Function 


of Acidity and Anion 


Total Absorbance Total Absorbance 
for for 
ae FeNH, (SO)),-H,SO), FeC1-HC1 
Concentration, M apo System? System® 
ACSSOC ram 
107" 0.439 0.482 
1072 0.233 Os282 
ene On 262 oegae 
fogs 0.500 0.955 
al 0.681 0.260 
10 0.698 0.358 
At 280 nm 
one 0.380 0.491 
1072 cues: Deas 
10°" 0.270 0.191 
Wome: 0.433 ay aly 
iL OL577 0.304 
10 0.590 0.449 


“excluding the insie Wamnaceas then. complexes, 
> contains 1x10" M C,0);5 3x10" ° M FeNH) (SO) ) 5 and H,SO). 


é -4 
CContains 1x107/ M C,0,, 3x10" M FeCl, ana HCl. 
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this information, together with the spectral data from 
Figure 30, it was concluded that the results of Tables 9 
and l0"apply;, in general, to the ultraviolét region 
employed in the experimental work. The precision of the 
absorbances in these calculations was limited by the 
uncertainties in the estimates of the molar absorptivities 
of each of the species present. Also, corrections for the 
amount of iron(III) complexed to oxalate were not made, 
which caused somewhat lower results. The data in Table 11 
show little difference between background absorptivity 
for VUnetiron( Gi). “sulfate and ironCfll) "chloride "solutions 
for the low pressure lamp. (This is confirmed 
experimentally in Chapter 5.) However, for the medium 
pressure’ ‘lamp’; lower -absorptivities for the chloride 


species result at all wavelengths except 336 and 254 nm. 


Tron(II1I)-Carboxylate Spectra 

Spectra of the iron(III) complexes of three 
carboxylic acids were obtained under conditions where 
the presence of other complexes was minimized. For this 
purpose potassium oxalate, sodium citrate or potassium 
sodium tartrate was added to a solution of iron(III) 
perchhborate in. 1 M perchloric acid. Perchlorate was 
chosen as the anion because it forms only weak iron(III) 


complexes of low absorbance compared to sulfate or 
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chloride. ° Figure 31 shows the spectra of a solution of 
iron(III) perchlorate in perchloric acid with and without 
added oxalate. Some photodecomposition may have taken 
place prior to the iron-oxalate spectra being run,although 
precautions were taken to protect the solutions from 
exposure LO, Light. 

Computer calculations showed that in 1M HC1O), 
and 3x107 4 M Fe(C10)). only 18.7% of the total oxalate is 
present as FeOx” when the analytical oxalate concentration 
is Teakore M. In Figure 31 the spectrum of the iron(III) 
solution containing ix ors M oxalate shows a slightly 
higher absorbance’ in the region,/35Q+ to 270 nm ycompared to 
the solution containing-no oxalate. To imcrease the 
amount of FeOx’ formed spectra were run with 1x1073 
and 1x107° M oxalate added. In doing this, the 
concentrations of the di- and tri-oxalatoferrate(III1) 
complexes were also increased. Therefore, the absorbance 
increases seen are not totally due to the monooxalato-—- 
ferrate(II1). The absorbance due to that complex could 
be calculated if the concentrations and molar 
absorbances were known for the Fe (Ox), _ and Fe(0x),"> 
complexes. Figure 32 shows the spectra for solutions of 


1x107" 


, 1x107? ana 1x107° M potassium oxalate without 
iron(III) or acid present. Comparing spectra of the 


iron(III) perchlorate and potassium oxalate solutions 
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with those of the mixtures it is evident that the 
enhancement must be due to complex formation. No 
attempts were made to subtract the absorbance of the 
background species from the spectra obtained in Figure 31 
to obtain molar absorptivities for the FeOx™ complex 
because the amount of complex formed was so small. 

When Pears M catrate and tartrate solutions 
were added to an iron(III) perchlorate solution, little, 
if any, enhancement in the ultraviolet region was evident. 
Therefore the extent to which these compounds interfere 
by absorbing radiation in this wavelength region under 
tie ce reond1vions., /is. negligrvore. 

To simulate experimental conditions more 
accurately, 1x107" M solutions of each of the three 
Garboxylate salts were added to a solution'of dron(Il) 
ammonium sulfate in 1M sulfuric acid and the spectra 
Pecorded. Very i1ittle diifterence in ihe spectra aac 
compared to iron(III) ammonium sulfate with no added 
carboxylate salt was apparent. This shows that in relatively 
hich concentrations of acid the formation: of the itronGgiyL) 
carboxylate species is low and hence cannot be detected 
easily by spectrophotometry. 

In an effort to. enhance the absorbance: of the 
iron(III)-carboxylate complexes, the spectrum of a 


Solution of tron(lil) vammonium sulfate in 0.01 Mysulfuric 
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acid was recorded. Figure 33 presents this spectrum and 
similar ones containing sea fa and 1x1073 M added oxalate. 
Computer calculations prediet: that, in a solutions convel ning 
a0" M iron(III) ammonium sulfate, 1x107/ M oxalate and 
OTD Misulfuric acid, 93.07 of thefoxalate isi in the form 
of FeOx’, but that an increase tn the level of HSO) to 
Peerececreases the fraction omfoxalete present as FeOx’ to 
only 1.65%. For similar citrate and tartrate solutions 
(3x107/ M iron(III) ammonium sulfate, 1x107" M citrate or 
teetracve, and 0.01"M sulfuric acid) the percentage) on 
carboxylate complexed as the monocarboxylateferrate(II1) 
is 90.1 and 40.2% respectively. While slight enhancement 
ofrthe spectra can be seen for added citrate and tartrate 
(Fieures ‘34 -and 35) it 4s ‘not as significant as the 
oxalate enhancement, lending further evidence to the 


applicabilityof the determination of oxalate in the 


presence of other carboxylic acids. 
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SUMMARY 


The-speectra’ of-sobuttons of several irontii.) 
salts and of solutions containing mixtures of fron(1It), 
acid and various carboxylate salts were measured. The 
smportance»of optimizing. the iron( lil) soxalate: ratio 
and of considering the effects of the kind and 
concentration of acid present when analyzing for oxalate 
is discussed in light of the spectral and previous 
information. Having optimized the theoretical conditions 
via computer calculations in Chapter 3 and spectral 
amalivyseis in this ehapter, the carbon dioxide evolved 
from irradiated iron(III)-oxalate or iron(III)-carboxylate 
solutions was measured by a gas chromatographic means 
in Chapter 5 in an attempt to avoid the drawbacks 


associated with the pCO, gas electrode detection system. 
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CHAPTER 5 


GAS CHROMATOGRAPHIC MEASUREMENT OF CARBON DIOXIDE 
EVOLVED IN THE IRON(III)-OXALATE REACTION 


INTRODUCTION 
From the work that was performed using the gas 
electrode it became evident that the determination of the 
carbon dioxide produced in the iron(II1)-oxalate reaction 


Was, 2 promising ~anproach, but that the.pCO, gas sensing 


2 
electrode had several drawbacks. Other methods of 


analysis for carbon dioxide were therefore evaluated. 


Methods for Determination of Carbon Dioxide 
Many of the methods discussed below are reviewed 


Dy, Charlor :and peered, 


titrations. Carbon dioxide (carbonic acid) can be 
GiErated With-an alkaline solution to -a HCO,” endpoint 

or excess standard base can be added and a back-titration 
performed. Care must be exercised when titrating that no 
carbon dioxide is lost to or gained from the atmosphere. 


Un@ess a catalyst such*’as carbonic anhydrase is added 


the titration must be carried out slowly. 


Gas Phase Analysis. An indirect method which has been 
used to measure carbon dioxide involves bubbling the gas 


into a solution of sodium hydroxide or of sodium hydroxide 
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39 
and barium chloride and measuring the resulting conductance. 
A simple, but not too accurate, method has been suggested 
based on the measurement of the turbidity of the barium 
carbonate precipitate formed when carbon dioxide is bubbled 
through a semisaturated solution of barium chloride. 

Carbon dioxide in a gas mixture can be measured 
Dy) baccage Into7an unburvered solution of known Inicvral pn. 
euch as a sodium™bicarbonate Solution, “The pH of the 
resultant solution is then measured with a glass electrode 
and the carbon dioxide concentration is calculated from 
the pH change. Alternatively, gas phase carbon dioxide 
can be measured colorimetrically after absorption into an 
alkaline carbonate-bicarbonate buffer containing 


phenolphthalein. 


Alkalimeter Methods. An alkalimeter has been used to 
measure the’ amount of’ carbon dioxide, bicarbonate and 
carbonate in a sample by measurement of the decrease in 
weight after purging the carbon dioxide evolved upon 
acidification. | Similarly: a direct welght—eain method 

in’ which the carbon dioxide is trapped in a tube containing 


Ssolia alkali -can ibe used. 


Infrared Analysis. A nondispersive infrared method has 
successfully been used in an automated mode to measure 


gaseous carbon apexes Two parallel chambers > “one of 
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which contains the unknown sample and the second of which 
contains a carbon dioxide-free sample, precede two smaller 
chambers containing pure carbon dioxide. Infrared radiation 
passes through both sets of chambers. The difference in 

the temperature of the two carbon dioxide chambers, which 

is a measure of the amount of carbon dioxide in the sample, 
is detected by the displacement of a membrane between the 
two. This method requires either separation of the carbon 
dioxide into a gaseous phase, or use of a liquid matrix 

that absorbs no infrared radiation in the region of 


interest. 


Manometric and Gas Volume Analysis. Both manometric and 
gas volumetric measurements have been made of the carbon 
dioxide evolved upon acidification of a solution of the 
sample. Neither of these methods is specific for carbon 
dioxide since both sense the total amount of gaseous 


species produced. 


Gas Chromatographic Analysis. Gas chromatography has 
been used to measure quantatively gases in liquid samples. 
ene different experimental designs have been neDeeede eg 
A liquid sample can be injected onto a precolumn desiccant 
which absorbs the solvent but allows the gases to pass 


to and be separated on the chromatographic column. Or, 


the water in an aqueous sample can be converted to a 
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noninterfering substance such as acetylene by reaction 
with calcium carbide. These methods are of limited use 
because a small concentrated sample is required. Other 
methods liberate the gas from solution by boiling the 
acidified sample, by vacuum extraction, or by passing 
carrier gas over the agitated sample. The sample vessel 
can be part of the flow system or the analysis can be 
performed on the head gas. 

With the increasing concern over the presence of 
organic contaminants in water, many of which are 
carcinogenic, environmental laboratories have been using 
gas chromatography, often in combination with mass 
Specvuroscopy.,. to analyze for the volatile vconstituents of 
selected waters. Stripping is preferred over liquid 
extraction for removal of these substances because the 
Feproducibi tty is betver. Vrurthermores Stripping ts 
more suitable for routine work than liquid extraction?© 
Depending on the kinds of compounds under investigation, 
the procedure used for stripping may vary from 
evaporation in a’ stream*of Inert’ gas” ac’ room” vemperavure 
to a steam Heerlen bie general method is to 
pass’the carrier gas, after trapping impurities in’a cold 
trap, over or through the sample, which can be heated if 


desired. A salting-out agent such as sodium sulfate can 
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lower the vapor pressure of the compound, the greater the 


tame necessary for its, extraction. Hence, for environmental 
analysis, stripping time is an important variable. This 
can be controlled by holding the stripped gases in a 
closed-loop until the extraction is completed and then 
introducing a portion of the head gas into the gas 
chromatograph. Another technique frequently used is to 
trap the volatiles on an adsorbent at a low temperature 
and then warm the cold trap to introduce the gases to the 
gas chromatographic column. 

Molecular species in urine have been separated 
by the latter procedure using programmed-temperature gas 
chromatography. One hundred and seventy low molecular weight 


a3 


constituents in urine have been resolved’~~. 


Gas Chromatographic Determination of Carbon Dioxide 
The method that was chosen for the analysis of 

the carbon dioxide evolved from the photochemical iron(III)- 
oxalate reaction was a gas chromatographic procedure 
Dased on that descrived by Swinnerron,, Linnenbom and 
caeer se They determined carbon dioxide, among other 
products, in irradiated solutions and further suggested 
the general applicability of their method to routine 
oceanographic and water pollution work. A stream of 


helium, after passage through a fritted glass disc, 


stripped the dissolved gases out of the liquid sample and 
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into a gas chromatographic column. The sample was 
introduced into the stripping cell by hypodermic syringe 
moroughoantinjeecti onyportefitted! tonthéstopeofithe cell. 

A tube of Drierite between the cell and gas chromatographic 
column removed water vapor prior to chromatographic 
separation of the carbon dioxide on a column of 30% HMPA 
(hexamethylphosphoramide) on 60- to 80-mesh Columpak. A 
second column of 60- to 80-mesh Columpak followed by 40- 


to 60-mesh Molecular Sieve 13X was used to separate O 


Pie 
No» CH) and CO. The second column quantitatively absorbed 
the carbon dioxide. A thermal conductivity detector was 


oie. 


used. Other workers used this method, moditied dmutharv 
only one silica gel column was used, to measure carbon 
dioxide in sea water and reported a reproducibility of 
tO (2 « 

Several different columns are suitable for 


96 


separating carbon dioxide A 4 meter long, 4 millimeter 
emecen column of 40/760 mesh silica ivel at 30°C with an 
argon carrier gas flow rate of 60 ml/min will elute 

carbon dioxide with a retention time of 15-5 minutes. 
Hydrogen, oxygen and nitrogen are eluted in less than 2 
minutes. Activated charcoal (75/100 mesh), 0.35 meters 

in length and 4 millimeters in diameter, will elute 


carbon dioxide in 5 minutes at 40°C when the carrier gas 


is nitrogen. Hydrogen is eluted in less than 2 minutes 
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in this system. Most molecular sieves absorb carbon 
dioxide at room temperature and programmed-temperature 
gas chromatography must be used to elute the gas. 

The gas chromatographic method of analysis is 
rapid, especially for a relatively volatile component such 
as carbon dioxide, simple; accurate, applicable wor smal: 
sample volumes and relatively insensitive to the sample 
maurix. | oe Lectivity for carbon dioxide ‘over “other 
Posscsbile interfering volatiles can be assured by proper 


choice of the chromatographic column and conditions. 
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EXPERIMENTAL 


Initial Configuration 

Because only carbon dioxide was to be measured, 
a system similar to that of Park, Kennedy and Dobson? 
could be used. A stream of helium gas was passed through 
a pressure regulator and then to one side of a thermal 
conductivity cell (GOW-MAC Instrument Co., Model TR 11B) 
which was operated at maximum sensitivity and a filament 
current of 220 milliamperes. Stainless steel tubing, 
1/16°in. o.d., was used for most connections, being 
attached to glass with Kovar seals and to Geyoant with 
Swagelok fittings. After passage through one side of a 
four-way stopcock the helium was bubbled through a 10— to 
FU- mM virit. 2n the bottom of an approximately 15-ml sample 
compartment (glass blown in the Department of Chemistry 
glass shop) and purged gases from the liquid sample. 
These solutions were injected into the sample compartment 
through a septum on one end of a Swagelok tee. The other 
end of the tee was used as an exit for the helium gas, 
which next passed through a l-cm i. d., 30-cm long 
column of 8-mesh indicating Drierite (W. A. Hammond 
Drierite Company) with pieces of ‘glass wool “ateeltnher end. 
A ground-glass joint near one end of the column fteaciiatated 
replacement of the Drierite. The ends Ae ane column were 


reduced to 8-mm openings that were fitted with one-hole 
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Silicone rubber stoppers through which 1/16 in. stainless 
Steel tubing was passed. After the Drierite column the 
gas was passed through the second half of the four-way 
stopcock to a U-shaped 90 x 0.6 cm i.d. silica gel column 
(40- to 60-mesh, Fisher Chemical) via a one-hole silicone 
rubber stopper. From the separating column the gas passed 
to the second side of the thermal conductivity unit and 
thence to a soap=bubble flow meter. A Hewlett-Packard 
7101BM strip chart recorder, operated at a chart speed of 
15 em/hr, was used to monitor the readings of the 
detector. A maximum sensitivity. of slamViifuld iscate was 
possible, with ‘this recorder: 

The four-way stopcock could be positioned so 
that. the helium eas went’ directly from _the referencerside 
orethe thermal conductivity cell to the sitica gel ¢cotumn 
Orso thar its! path also included the tTritted sample 
eontainer and Drierite. With this design a continuous 
Plow ot helium was maintained througn the detector soves 
to prevent any damage to its filaments. The gas flow rate 
dropped sharply when the sample compartment was included 
in the flow path because of the resistance to flow vof the 
porous glass frit in the base of the compartment. The 
ar oery ae selected on the basis of the finest porosicy 
that, by breaking the gas stream into small bubbles, 


would provide high stripping efficiency without providing 
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too highea resistance to gas flow. 

A 5 in. 20-gauge needle was used to inject 
samples. Attempts to use a syringe and needle to withdraw 
the samples after analysis were not successful because the 
high gas pressure in the sample kone eae caused the 
syringe contents to be expelled as soon as the syringe 
needle was withdrawn from the septum. Therefore the 
septum was generally removed and samples withdrawn at 
esmospheric pressure. + \Thevadr introduced) during-thas 
procedure was displaced after the septum was replaced by 
purging with helium carrier gas. Several modifications 
were made to this initial design; these are discussed 


bewore a diagcrameof ‘the: final design adssineluded. 


Syringe Chaney Adaptor 

Because large uncertainties in sample volumes 
are introduced when conventional hypodermic syringes are 
used! toxsdeliver-volumes of.1 to, 5imi, Chaneyy adaptors 
were fitted by the Chemistry Department machine shop to 
5-ml and 1l-ml syringes. 

The design chosen forthe 5-ml Chaney, adaptor 
Waceartlatibrasse cap) whiehefittedgoverrthe, top ormtic 
Teflon covered plunger. A stainless steel rod used to 
select the delivery volume passed through the cap and 


could be adjusted and then held in place with a set screw. 
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The flared end of the barrel of the syringe was ground 
down on one side to allow the rod to pass easily beside 
it when the liquid in the syringe was discharged. 

A similar design in stainless steel was used 
for the l-ml syringe. Because of its smaller size a 
stainless steel cap was also placed on the barrel of the 
Syringe to provide adequate area for the rod to rest upon 
while adjusting the sample volume. A threaded rod of 
larger diameter than that used on the 5-ml syringe was 
Msea bo, provide more ricidivy . 

Before each injection the syringe was overfilled 
with sample, inverted, tapped lightly to displace air 
DUDDLes , and then adjusted to the correct’ volume which 
was predetermined by the position of the set-screw 
anchored rod. The syringe needle was then inserted through 


the septum and the liquid delivered. 


ee 


Modifications were made to the sample container 
so that a low pressure Pen-Ray lamp, Model 11SC-1 (Ultra 
Violet. Products. Inc...),could bexplaced Into a quartz 
finger sealed into the sample container. Aluminum foil 
was placed around the container to minimize photodecom- 
Posie ton otsthne, solution pylon LOLoy after irradiation, 
to reflect ultraviolet light back into the solution and 


to prevent eye damage. Pen-Ray lamps are small, low 
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pressure, cold cathode mercury gaseous discharge lamps 
made of double bore quartz tubing. hese cool burning 
lamps emit approximately 90% of their output as the 254-nm 
mercury line with the other 10% coming from lines -at-313, 
365, 405, 436 and 546 nm. The emitting portion of the 
Pampeic,2. 1/736 in. long withsan outside diametensot 144 
anch. Although the rated output ,of, athe, Lamp etseonl yes 95 
watts, the lamp was confined in a tube during use, and to 
minimize possible heating effects, a.slow stream of 
compressed air was passed across the finger entrance near 
the base of the lamp. 

During. irradiation. of, the. samples. thesied iam 
flow was diverted from the sample chamber. This increased 
the sensitivity of the method by allowing carbon dioxide 
Vo. accumulate. throughout, the entire. inradiationetor 
antroduction onto the.column in: a ,smal Lwvoiune «nd hesvodume 
Of solution.falling below the, fnityduring)a,normad 
ivradiation time was small.and if, coudadscasidi vs Degswepe 
back into the sample chamber by the flowsof) heliumgstdo 
expedite. this .return,of solution,.the volume,ofathesceld 
below the. frit was» held.to.a minimum,.andscapiidaryntubing, 
sloping upward, was used to connect the frit to the 
four-way stopcock. 

With the system designed in this manner, a 


solution of iron(III) and acid could be introduced into 
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the sample chamber, followed by a sample solution 
containing oxalate. A stream of helium was then passed 
through the chamber to displace any carbon dioxide 
initially present in the system. The four-way stopcock 
was then turned so that the gas flow bypassed the chamber 
while the Pen-Ray lamp was irradiating the sample. During 
this time carbon dioxide accumulated in the sample cell. 
At the conclusion of the irradiation, the four-way stopcock 
was turned so that the flow of helium passed through the 
fritted sample container carrying the carbon dioxide out 
through the Drierite to the gas chromatographic column. 

Although many experiments were done with this 
experimental set-up, it still possessed several 
disadvantages. One was that there was no easy way to 
clean the cell. When urine samples were injected into 
this system, for example, a yellowish residue accumulated 
bis the walls. e¢speclally gust above the Aaquidgleveli.. A 
variety of cleaning solutions, including acids, Contrad 70 
and dichromate, did not remove the material. It acted 
as a filter and lowered the amount of irradiation reaching 
the sample, and also caused the stripping efficiency to 
vary from sample to sample. Therefore, a new cell was 


designed which would allow disassembly for cleaning. 
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LS 
Modified Sample Container 

A ground-glass joint was incorporated initially 
into the sample compartment to permit dissembly for 
cleaning. However, the pressure of the flowing helium 
was so great that an adequate seal was impossible to 
obtain. This was replaced, therefore, with an O-ring 
Towne and number 35 clamp.” Another ‘modification= that 
Simplified dissembly of the sample cell was the inclusion 
of Cheminert fittings -(Chromatronix, Inc.) ‘to joinethe 
gas inlet at the bottom of the sample container to the 
four-way stopcock. The basic fitting of the Cheminert 
system is a "tube end fitting" consisting of a threaded 
polypropylene bushing, rubber spring washer and two 
stainless steel washers. Tubing is inserted through 
these parts and the end of the tubing is flanged at right 
angles, Using Cheminert Tittings > small’ dlameterferton 
tubing can be joined to capillary glass that has been 
modified with an external groove to accept the fittings. 
With this arrangement the sample cell could be removed 
readily from the system by disconnecting the silicone 
stopper fitting at the Drierite column inlet and the 
Cheminert fitting below the sample chamber. During 


dissembly the helium flow was diverted from the sample 


cell and Drierite. 
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One further modification was a new method of 
injection and removal of samples. Previously, it was 
necessary to take off the septum and remove the analyzed 
Solutions with a syringe. Because of the possibility of 
incomplete Poe tan ani oxalate was analyzed, each 
Sample was removed before a new one was irradiated. Thus, 
oxalate analyses were quite slow since the air had to be 
flushed out prior to each irradiation. In the new design 
an inlet tube was.placed just above the frit..-A serum cap 
fitted over this tube served as the septum for sample 
injection. With this arrangement a % in. 26 gauge needle 
could be used with the Chaney-adapted syringes to 
introduce the samples. An injection error occurred in 
this system when the syringe was withdrawn from the serum 
eap, aiter tmojceblon of thhe. sample. »pAesmalladropeor 
solution emerged on the needle tip, apparently because of 
theron behbapressure yinside the cell. dowever, this »~emror 
was ee laigm@es, aA ts ditixpedereauge meedkewenonmyedseligno. a 
piece of rubber tubing was used to remove samples after 
completion of each analysis. The needle was inserted 
through the septum to the frit and the internal pressure 
qm the cell. forced the liquid out the cube into a Wwasve 
Deaker: 

in this new diagram the o.d~- Of the quarez 


finger, which was situated as close as possible to the 
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tific, was increased to 1.5 5em. The i.d. of the sample 
container remained 2.3 cm. The increased volume of the 
quartz tube meant that the volume of the sample chamber 
Was decreased. As a' result, the height of solution in the 
cell was greater than before, and the area of solution 
exposed to irradiation was increased. This provided more 
efficient decomposition of oxalate. Most analyses were 
performed using 5 ml of oxalate sample solution and 1 ml 
Guean acrorrredmiroenGiil) solution, 71.e, , using the % ‘and 
mombesyringess to their maximum capactcvy: Couminimeze 
PiAeect1On errors. 

The final design that was used for analysis, 
including a new position of the Drierite (discussed in the 
Results and Discussion Section), is given in Figure 36. 

The peaks obtained with this system were very 
Sharp and consequently peak heights were measured Pacino: 
Chan areas. In the diagrams which follow the peak heights 
were. obtained at or corrected tomayrecorder range of 
amv Der c> Cm. 

Regent grade chemicals and distilled water 


were used as received. 
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RESULTS AND DISCUSSION 


Method of Injection 

ane pco., electrode responds to the concentration 
(partial pressure) of carbon dioxide in a sample and not 
to the absolute amount present, as the gas chromatograph 
Goes... linus, i1n,the latter .method.of.<analysis thesmethod 
and volume of injection of the samples are critical. 
Initially, the volume between two air bubbles in a 
Syringe was used as a measure of the amount of solution 
injected, but with this technique the air passed through 
the system quickly, emerging as a peak before the carbon 
dioxide. Because of the magnitude of the air peak 
obtained with this procedure, often time was insufficient 
forma baseline wtor be reestablished before the carbon 
dioxide emerged. Another injection technique which was 
tried involved filling” the syringe and needle with solution 
without air bubbles present. This method involved a 
Varge error in adjusting the syringe volume before scach 
injection. Further errors ‘arose in that the plungerehad 
to be firmly held while injecting the needle through the 
septum because of the high pressure inside the sample 
chamber. However, if it were held too firmly some 
Sample was lost from the needle tip before it passed 


through the septum. Conversely, if it were not held 
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firmly enough, helium from the sample chamber entered the 
barrel and caused a small increase in the volume of sample 
injected due to displacement by helium of that port soneot. 
the sample which usually remained in the needle. 
Considerable improvement to the injection 
technique was seen on addition of Chaney adaptors to the 
syringe. The relative standard deviation for five 
measurements of the weight of 5 ml of water delivered 
from one 5-ml syringe decreased from 0.254% before to 
0.038% after incorporation of the Chaney adaptor. For six 
measurements of the weight of 1 ml of water delivered with 
the Chaney-adapted l-ml syringe the relative standard 
deviation was 0.101%. The improvement in accuracy during 
analysis “was more’ significant because loss: or gain vor 


sample before injection was minimized. 


Bicarbonate Analysis 
To test the system initially, acidified samples 
of bicarbonate were injected without the use of the Chaney 
adaprorv. . Reproducibility of +.5%. could pe -achievedan, 
introducing acid to’ the sample: chamber, purging vo remove 
anya anand +Laen adding a "solution “of known concentration 
of bicarbonate to generate the carbon dioxide in situ. 


3 4 


In one trial, sets of two or three 1x10 ~ and 1x10 M 


bicarbonate samples were run alternately. A relative error 


Gp=-% tor’ the “first and 4.5% for the second concentration 
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was observed. This indicated that sample carryover and 
interaction between subsequent samples were not a problem 
in this system. 

Linear calibrations over all concentration ranges 
could be obtained. Since background carbon dioxide was 
not removed from the distilled water this did, however, 
restrict the lower limit of the calibrations. This 
background was not a problem with oxalate analysis as 
the iron(III) and oxalate solutions could be introduced 
into the system and any residual carbon dioxide displaced 
by the carrier gas before irradiation. Since the 
bicarbonate reacted immediately with the acid to produce 
carbon dioxide, an initial purging of the total solution 
in the cell could not be done for the bicarbonate analysis. 
Although the distilled water used to prepare bicarbonate 
samples could be made carbon dioxide-free by boiling or 
purging before use, the oxalate method was still found 
to be easier and since oxalate was the species of 
analytical interest, time was not spent trying to 


perfect the bicarbonate analysis at low concentrations. 


Oxalate Analysis 
Before the quartz finger was incorporated into 
the experimental design the only way to analyze for low 
concentrations of oxalate was in a continuous-flow mode 


using AutoAnalyzer components. The experiment was run as 
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described in Chapter 2 except that instead of flowing 
under a pco,, electrode the irradiated solutions were 
collected in small jars, one jar for each sample, then 
injected into the purging unit for carbon dioxide measure- 
ment. Reproducibilities of + 10% could be obtained for 
samples of 1 ml of an irradiated 5x107 4 M oxalate solution or 


of + 3.3% for a 2-ml sample of 7.5x107 M oxalate solution. 


Residual Carbon Dioxide Problem. Most oxalate analyses, 
however, were performed using the quartz finger and 
Pen-Ray lamp. This system worked well except that acidified 
distilled water seemed to contain a relatively constant 
residual amount of carbon dioxide which appeared after 
each irradiation and purging. Similarly, when a dilute 
solution of oxalate, iron(III) and acid was analyzed, 
apparent carbon dioxide peaks of about the same size were 
obtained under three different sets of conditions. These 
were: (1) diverting the helium flow so as to bypass the 
sample chamber and Drierite tube for several minutes; 

(2)- diverting..the helium flow forsthe wame slengthmot time 
while irradiating the sample; and (3) using the same 
sample again and diverting the carrier gas flow from the 
Solution for. the same Tength of times Aer ine lime tie 
sample chamber and Drierite were isolated from the flow 
was increased, the size of the carbon dioxide peak 


increased, independent of whether the lamp was on or the 
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Sample had been previously cycled. 


Efficiency of Stripping. One possible explanation for 
this behavior was that the stripping of the carbon dioxide 
from the solution was not 100% efficient. To test this 
hypothesis a second, nonstripping method of injection of 
carbon dioxide samples into the system was tried. An 
Aerograph heated gas chromatographic inlet equipped with 

a Hot Watt 120 Volt-100 watt pencil heater was inserted 
into the system between the sample chamber and Drierite 
tube. The inlet temperature was set at about 220°C with 

a Variac-controlled resistance heater. With this arrangement 
small:volumes of concentrated bicarbonate solutions could 
be injected into the heated inlet, the sample plus 

solvent vaporized, and.the,carbon, dioxide .produced, from 
bicarbonate decomposition, 


A 


eNaHco. = Na,00. tg co. aE HO 


carried to the chromatographic column and detector. 
Samples "or O85 "and 1 70°M NaHCo. solutions were 
injected into the heated inlet with a 5-yl Unimetrics 
syringe. Similarly a Chaney-adapted 5-ml syringe was 
ween Golinjece SYekid7* and sxto7 em NaHCO, solutions 
into an acid solution in the stripping chamber. The 


total millimoles of carbon dioxide produced in each 
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System should be the same if both are 100% efficient in 
introducing carbon dioxide to the chromatographic column. 
However, the stripping method gave slightly higher peaks. 
The presence of residual carbon dioxide in the much 
larger solution volumes that were used in the stripping 
method accounted for this difference. When boiled, then 
cooled,water was used to prepare the sodium bicarbonate 
solutions the results of the heating and stripping 
experiments were comparable. Thus, the persistancy of 
the carbon dioxide peak was not due to incomplete 


Stripping. 


Braect, Ot the, Position!of the Driierite. “he only 
component not yet. tested, the Drierite column, was then 
checked by, moving it so that it was located outside the 
sample cell loop. Helium then flowed continuously 
through the Drierite whether the sample cell was in or 
Out ofa the. f Low stream. . With thisverrancement, ine 
extraneous peaks disappeared, indicating that they could 
have been the result of adsorption and desorption of 
carbon dioxide on the Drierite. Additional support for 
this explanation was provided by the observation that 
when acidified iron(III)-oxalate solutions were 
irradiated for times from one to twenty minutes, more 
carbon dioxide appeared to be given off as the irradiation 


time was increased. Even at 20 minutes irradiation time 
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a plateauing of the amount of carbon dioxide given off was 
not evident. The primary reason for this was not because 
of incomplete reaction but because adsorption and 
desorption of carbon dioxide on the Drierite produced 
larger peaks as the time the Drierite was isolated from 
the helium stream increased. 

Another indicator of this adsorption/desorption 
phenomenon was the gradual shift of the baseline 
throughout a set of experiments. Although before and 
after an analysis a straight baseline was obtained, that 
after the analysis was slightly higher possibly because 
of a constant bleeding of carbon dioxide from the 
Drierite. This was one reason why peak heights rather 
than peak areas were chosen to analyse the results. With 
a continuous flow of helium sae Sine through thesDrierite, 
baseline shift was not as severe. 

Inethisenewaposition the DraeruiteshnadeGoube 
changed more often and was replaced each day with 


material that had been dried for 1 to 2 days at 200°C. 


Rercentagesncactions.« A 5-minute irradiation time was 
chosen for most analyses. Although not sufficient for 
complete conversion of the oxalate to carbon dioxide it 

was selected as a compromise between the extent of reaction 
needed to obtain satisfactory results and analysis time. 


This time was chosen after a series of measurements in 
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which 5 ml of a 1.01x107" M potassium oxalate solution 
was irradiated in the presence of 1 ml of 1.13x107> M 
iron(III) ammonium sulfate in 0.6 M HCl for varying times. 
Table 12 gives the percentage reaction, assuming that a 
20-minute irradiation gave 100% conversion of oxalate to 
carbon dioxide. From this table it is evident that the 
rate of carbon dioxide generation is rapid at the 
becinning of athe reaction, then declines. Thus j;safter a 
5 minute irradiation, over 90% of the oxalate has reacted 
and the remaining oxalate reacts only slowly. Some 
Wariation in“rradiation time after 5 minutes* will mor 
lead to large errors in oxalate concentration. A 
disadvantage of longer irradiation times is that the 
temperature of the iron-oxalate solutions is’ increased 
due to heating from the Pen-Ray lamp. This increases the 
possibility of seepage of solution below the frit as the 


gas in the cell expands due to the higher temperature. 


Increase. wimethe Speca sot Analysis . Aimeaccompanied the 
introduction of each oxalate sample into the irradiation 
cell because the septum was removed and/or because of 
dissolved.igases in the solution. . Before the position of 
the Drierite was changed, more reproducible results were 
obtained if the irradiation step was postponed until the 


carbon dioxide from the air was measured by the detector. 
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TABLE 12 


Percentage Reaction of an Iron-Oxalate 


Solution as a Function of Time 


Time, in minutes Percentage Reaction* 
45 62 
a 76 
2 83 
3 88 
6 a5 
10 98 
a es) he 
20 100 


a ee 


“Based On assumption that ayc0=minute irradiar iron 
gives 100% conversion of oxalate to carbon dioxide. 


Piven) oof tone eteyau M potassium oxalate and 1 ml 
Bf 1.13x10)° M iron(III) ammonium sulfate in 0.6 M 


hydrochloric acid were used. 
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In the new design this waiting period was no longer 
necessary. After sample injection, purging with helium 
was necessary only until the oxygen and nitrogen peaks 
eppeared om the recorders; ®ac this point the helium low 
could be set to bypass the cell and irradiation could be 
started. During this step the Rerdsjan Ghesciae in the 
Drierite and silica gel columns was purged from the 
System. This procedure increased the speed of analysis 
because the oxygen and nitrogen peaks emerged in a minute 
or two but the carbon dioxide peak took about 15 


minutes (depending on the flow rate used). 


Effect of Helium Flow Rate. After many analyses the 
initial section of the Drierite became hydrated and the 
flow rate of helium decreased." When ane Drierive, column 
was located immediately behind the sample cell in the 
Samp .ily loop this’ was a particular problem as «the 
desiccant caked appreciably. However, the final 
procedure adopted relieved this problem, either because 
the changed{ position*of the Drierite allowed the conginual 
flow of helium to distribute the watermmore evenly over 
the length of the column or because fresh Drierite was 
Substituted intomehne system each day oe ibescerrousnes=s of 
the initial problem can be appreciaved from Pigure 3/5 2 
graph of flow rate versus peak height which was 


obtained with the Drierite in its initial position 
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immediately behind the sample compartment in the sample 
loop. With decreasing flow’ rate the peak height 
increased. A flow rate of 28 sec/50 ml or slower was 
optimum in the sense that slight changes in flow rate did 
not produce major changes in peak height. This was 
confirmed experimentally using 5 miko WV M oxalate 
with 1 ml of 3.14x1072 M iron(III) ammonium sulfate in 

4M H,SO),. At a flow rate of 21 sec/50 ml the relative 
standard deviation for 4 analyses was 5.11% while at a 
flow rate of 26 sec/50 ml it was 2.80% and at 35 sec/50 ml 
it was only 0.87%. However, most analyses were performed 
at a faster flow rate so the peaks would emerge in less 
crme.. Frerturbations in. fbow pate; such as, that sntreoduced 
when the flow path of the helium was changed to include 
oriomit the sample chamber, were evident on the recorder. 
But, the time necessary for equilibrium to be reestablished 


was very short. 


Radiation Source. The gas electrode work was performed 
using a medium pressure 140-watt Hanovia lamp while the 
gas chromatographic experiments used a low pressure 

55 Watt Pen-Ray lamp. These. lamps ditfier. nor enly in 
wattage but in spectral output, the low pressure lamp 
having its major wavelength of output at 254 nm, and the 
medium pressure lamp at 365 to 366 nm. The effect of 


wattage on the amount of carbon dioxide generated was 
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investigated in Chapter 2. To ascertain Pheer eee 
of the wavelength of the radiation, a second Pen-Ray lamp, 
Model 11SC-1L, was obtained and studied. This lamp was 
the same as the low pressure model but contained, in 
addition, a fluorescent sleeve and filter that absorbed 
visible light and converted the 254 nm radiation to a 
band peaking at 366 nm. The diameter of this lamp, 3/8 
inch, was larger than the 1/4 inch diameter of the low 
pressure lamp. Table 13 shows results of a comparison of 
the two lamps. It is seen that at sulfuric acid molarities 
below about 1 M the amount of carbon dioxide produced 

was approximately the same for both lamps, indicating 

that the wavelength of radiation was not critical. The 
low pressure lamp was used throughout the remainder of 


the work because of greater availability of replacements. 


Effect of Acidity. The data in Table 13 were obtained 
using 5 ml of oxalate (1.40x1074 M) in water, 1 ml of 
iron(III) ammonium sulfate (2.14x1072 M) and 1 ml of 
euifuric acid solutions of varying. concentration. Arter 
the nitrogen and oxygen peaks emerged, the stopcock was 
turned to divert the helium flow while the samples were 
irradiated for 15 minutes each. As predicted in the 
computer studies, with increasing pH larger amounts of 
carbon dioxide were produced. A final acidity of 0.5 M 


or less in sulfuric acid appeared optimum from these data. 
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Comparison of Radiation Sources and Effect of 
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Acid Concentration on Oxalate Analysis 


Molarity 
of added Final Molarity 
#80," es HS0," Recorder Peak Height’, em 
Model 11SC-1 Model 11SC-1L 
(254 nm) (366 nm) 
7 OO L9.LO eters 
BD Ores Or, 25200 ee aa 
Oey . Oe LO. 24.40 24362 
0.35 0.0514 25.14 25.88 
HO 0.00143 26.86 26-28 


ell 
ame solution contained Sam ots dc thO LO 


Me oxalatera mi 


of 2.14x1073 M iron(III) ammonium sulfate and 1 ml of 


acid of the indicated concentration. 


PBeeause the samples were analyzed in the order in the 


List, tie actual aclalvy May De si. enGly pene duem eo 
some residual acid in the cell from the previous analysis. 


“The solutions were irradiated for 15 minutes. 
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Temperature Control. Although straight line calibrations 
generally were obtained with this system, the 
reproducibility was not as pood as desired. The carbon 
dioxide peak heights usually trended in one direction 
diene wie tanalysis ofa series of oxalate samples of tne 
same-"concentration. Furthermore, a sloping baseline that 
made it difficult to estimate’ the peak height accurately 
Was OTten evident. Changes in temperature ofthe 
chromatographic column were suspected as the cause so 
UNrermostatiting of the silica gel column by immersion in 

a large cylinder of water was arranged. The cylinder 
Haswpuacea OM a *Nlagnevic Stirrer CTO provide Circularon 
of water. Heating water, circulated through a three-turn 
Copper=co1l “immersed in the cylinder “and connected Co 2 
HeaekerReO crrculatine thermostat univ, Was sused o> controt 
the bath temperature. A temperature of 41 to 42°C was 
chosen, enough above room temperature to allow adequate 
temperature control, but not so high that the carbon 
dioxide peak was not well separated from the other gases. 
Once equilibrium was established the column BRUNE bath 
temperacure fimetuated-by Only “a few stents of “a depres 
over many days of monitoring. A small amount of Sparkleen 
was added to the cylinder water to prevent corrosion of 
themneating sco1l, “and the cop of the cylinder was 


insulated with a layer of Fiberglas covered with 
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170 
aluminum foil to minimize heat loss and water evaporation. 
Initially, with no auxiliary heating, the temperature of 
the thermal conductivity detector was 41°C. Using a 
Variac its temperature was raised above the column 
temperature to about 60°C. Although the detector was 
insulated, its temperature did not remain as constant as 
the column. The reproducibility of successive runs 
improved markedly with these changes, although some 
baserine driftroceurred on occasion. This was avteripuced 
primarily to variability in the detector temperature. 

The increase in precision produced by 
cena econ the column can be appreciated by comparing 
a set of experiments done before and after the 
modification. Five-minute irradiations were done on 5 ml 


5 


of potassium oxalate solutions of concentration 1.4x10 -, 


5 4 


4.2x1072, 7.0x107°, 9.8x10~° and 1.4x107' M in combination 


8 


with 1 ml of 2.14x10 ~ M iron(III) ammonium sulfate in 
0.01 M H,80)- Prior to thermostarting, Dhirtecn 
measurements were made in order of increasing, decreasing, 
then increasing oxalate concentration. A least squares 
analysis of the data gave an overall absolute standard 


deviation of fit of the straight line of 1.14 em chart 


reading. A baseline drift was evident. When eleven 
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solutions (concentrations used were aos 0 


8.0x10° and sitloeNa)iaa M in oxalate and 2.25x10 ~ M 
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Lis 
iron(III) ammonium sulfate in 0.1 M H,SO)) were similarly 
run after thermostatting, the overall absolute standard 
deviation had decreased to 0.216 cm chart reading and all 
points were within 2.2% of the readings obtained for the 
initial four oxalate solutions. Thus no hysteresis \effect 
was observed with the gas chromatographic experiments and 


thermostatting the system made a substantial improvement. 


Optimization of Iron:Oxalate Ratios. The optimum ratio of 
iron(III) to oxalate determined for the pCO, electrode in 
Chapter 2 could not be applied to the gas chromatographic 
method because in the latter method oxygen was not 
available to reoxidize iron(II) to iron(III) and thereby 
allow recycling of the iron. TronG@Pl)“is. oxtddzed to 
iron(III) in water when irradiated with UV radiation 97 
howeverm,i.and so the ratio had to be redetermined. for 
this purpose a set of seven solutions 0.6 M in HCl and 
ranging trom 0.53 to 5. 3x107" Mera FeCl. were prepared. 
To. 2) marot eachpeclution in turn was added 5 mor 


1.0x107" 


M potassium oxalate..ithe.mixture purced of seit 
with helium and irradiated for 5 minutes. The optimum 
Fe:Ox ratio was found to be between 2:1 and 20:1. 
Figure 38 shows the effect of Fe:0x ratio on the 


detector signal; it also includes a similar run in which 


the sfeCis in 0.6 M HC) was replaced by FeNH, (SO),) 5 in 
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Approx. Iron: Oxalate Ratios 


Figure 38 Optimization of the Iron:Oxalate Ratios 
for 1x107) M Oxalate: in 0-1 M HCl; 


o in 0.1 M H,S0,. 
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0.6 MH,SO,. It can be seen that the results for the two 
Seci1ds are Similar. 

When the oxalate concentration was increased to 
1x1073 M in the presence of the same iron(III) chloride 
solutions, the 2:1 Fe:0Ox ratio appeared to give larger 
Peedi inegssthan the! 10:1 or 2091 Fe:0x ratios (Figure 39)F 
A similar result was obtained with 1x107° M oxalate. This 
low Fe:0x ratio was probably more satisfactory at higher 
oxalate concentrations because of increased screening of 
irradiation by higher concentrations of absorbing species. 
When the experiment with the 1x107° M oxalate solution 
was repeated with a 10-minute irradiation instead of a 
five, an increase in carbon dioxide evolution was 
observed under all conditions. Increasing the iron:oxalate 
ravio Silientiy above 2:1 did not icausessuchaa dramatic 
fall in the amount of carbon dioxide given off as was 
evident withwonly a 5-minute irradiation period, 
Tron:oxalate ratios as close as possible to those found 
optimum in the 5-minute irradiation period were used 


whenever possible in subsequent work. 


Comparison of Hydrochloric and SLlfuri cahcids. gh 
comparison was made of hydrochloric and sulfuric acid as 
the source of hydrogen ions. In Chapter 2 it was found 


that either acid could be used satisfactority. To 


' 
pe 
- is 
+ 4 i 
-4 DD it 
4 ; — 
} it bi z @ - 
i F f - » a } - ak le aes * oa ye ya F oh 
. ; Aied | Vad Rage La! ne Sl 4 aT gne ‘ ; 
; ¥ tw : ue ue MS: al sue 4 
a : : e a =a ; i , 7 a 
ay Lm. 4 } Lp oqgs at: : Ose £55 eds . 
i ¥ ; " he ‘i Pl ; ’ “i 
nl 0 : iy a . 
Ve t -¢ Ceor 4 fs it roa 
boa LOS te CRE SAY rams 
1 VAs i ae 
rr Te x ‘4 ? ad reg > tay 2 Lt) Set 
, ? 
' “. es =- 
ww = ve 4 , 3 f IEG nd | 7 + 2 ‘ ok? BYL 
cd 7 ‘ge ‘ 
ae Sant yar ; #9 
row Doeessis ) oad passat mdi ak | 
: ui , P 
ae : * ‘ deat i \) 4 <a) +i) eee J aokwaith 3" 
) ; ; 1) ta 7 - - re - 
' ‘Ofx{ add mite Geonwin sxe. aed ) Fi 
wha a . ry 
. pa sthanrst sdupiae-Ol & Hoth ce 
i ee | ¢ 
and 
rit rs [¢ at - 720 (a0 [ $9. os 230% ont. ae 
~~ a 
, ‘¢. Ba i, f ry Mg +. ; 
i odd trteeotodk V6 Lv Laao - ti & Te) bre b MP 
4. Y are 7c) og (ae ; 
. t ty be Me 
“hb 5 aisve seuyd Poa Pep £:3' side yivtg le ok 
7 " ; - Aan 
“ew oA Yio tevly sbitxedd nbdise I rarer aa a 
bE sz AE tobe ; 7 ‘ 
; We 7 
| detteg note Spares atucbiin® itians aay $06 
eet 


imuqt suond ot eldtseugnap! io 68 BOLTS". ssatexo : Oe 
ene a oA} ek a a4 Bat 


_ eawy gtQu bot rey, noade pa the arnt ead ony: ae mun 


, ae ry 4 
ae tow saeervoéada, re a tdiem 
. 


a : a Will iy ; iY 


bala ¥ Pe are 
Tyla 0 Seri aie 8 bop _giogslbon yt ‘none 


5 hod Uli A se chee. _p trator trp: 0 shen ‘Ba a io 
; 7 | rn ae oo ‘ | | 
birds ’ reid ra 5 igi ah re Le aioe § Ta 4 ‘aud 29's sos ae 
: ay i i A a hy gn 
OR, Apnea ate ation Bete: oA he 
g ret; a" 


160 | 
E 120 
o 
£ 
5 
oe) 
@ 
w~ 
res 
= iso + 
U) 
40 a 
100:1 
Figure 39 


174 


20:1 10:1 22k 29] 0.2:1 O.1:1 
Approx. Iron: Oxalate Ratios 


Optimization of the Tron:O0xalate Ratios 


for 1x107> M Oxalate in 0.1 M HCl: 
oy minutes irradtetion, se 0 minutes 
irradiation. 
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investigate this point in the gas chromatographic method 
of detection several runs were made using solutions of 
461x107 M iron(III) ammonium sulfate in hydrochloric 
and sulfuric acids. When the final acid concentration 


in a solution containing 5 ml of a Toetie a opie 2.02x10- 


4 
or 3.03x107" M oxalate solution added to 1 ml of iron(III) 
ammonium sulfate was 0.10 M no difference in carbon 
dioxide production could be detected between the two 
acids. But when the acidity of the final solution was 
increased to 0.75 M, more carbon dioxide was generated 
in a 5-minute irradiation in a hydrochloric acid solution 
than in a similar sulfuric acid/solution. At higher 
acidities less of the oxalate is present as the iron(III) 
complex, and conditions for production of carbon dioxide 
are not optimum. Thus,;the experimental results are in 
agreement with the computer calculations of Chapter 3 and 
oe FP ihe eta Se AAS are depicted in Figure 40. At 
254 nm, the wavelength of maximum irradiation intensity 
for low pressure mercury lamp, the absorbance of iron(III) 
chloride solutions is less than that of iron(III) sulfate 
solutions; this allows more irradiation to reach the 
iron-oxalate complex. 

- Many of the calibration plots in this study 
gave a positive intercept. In all cases the intercept 


became larger under conditions where the iron-oxalate 
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Figure 40 


24% 


ry | | 
. ES aoe) ae 
yolem Wh not 2002 rt 
, : i 
¢ iy aa iy i Al 
ee et oem px a i.) or ey bedi 6 . 2: eae Oh 
Ser eet 0 DEAR RE "a's net : hb -) 
ba poeee Me Mi a ‘O ot Hetsosee, * bs pal 


ae «, {OBS WOT. . AY 0H 0539 4 on 


i 


a> 


Lilt 
reaction was less complete. At 100% reaction a Surarent 
line calibration through the origin is predicted. This 
positive intercept leads to an error if standard additions 


are performed on unknown samples. 


BErect sor Different Salts. An investigation was undertaken 
of the effect of different salts and the corresponding 
Pacrease in ionic strength vomethe iron-oxalate reaction. 
Several Beale | M potassium oxalate solutions were prepared 
containing up to 0.7 M sodium sulfate, sodium chloride 
Orysodium perchlorate. After an anjtial muree the 
ijron—oxalate solutions were irradiated for 5 minutes and 
Tnen the carbon dioxide peak heights measured... Since the 
aotarty in the Pinal solution. was held constant. at 10.46 M 
H,S0), Meawas the major contribugor co the Sonic strmenevun. 
the added salts causing only a small perturbation. In 
each case the readings for the solutions containing 
differing amounts of salt are within 4% of the average 

for the set. Not only was thegionie: strength changed 
Stient y.. Dut. also there were ditt events complexes. formed: 
each With 1ts own abserpGivity .. As tnereswas no. trend 

in theseresadings, it was concluded thet eranGgon errors 

were the source of the observed differences in readings. 
The high acidity (0.36 M) and the high Fe:0x ratio (5:1) 
were both likely reasons for the large random errors, as 


neither condition was optimum. 
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Effect of Metal Ions. A number of metal ft ORS ga 

addi t0n «to. iron,: react with oxalate. Analytical chemists 
have long used the insolubility of calcium oxalate for 
gravimetric separation of both calcium and oxalate. 
Magnesium oxalate ie also insoluble but tends to form 
Supersaturated solutions. One of the more insoluble 
Oxalave.salts is thorium oxalate. (The lorvarithm of the 
SoOtuUbalicCy product, is ~21. 387°. ) A complex with aluminum 
is, 7also, formed py oxalate ions. To “investigate the 
effect of these metal ions on the iron-oxalate reaction a 
1.02x107° M potassium oxalate solution was prepared which 


was diluted to give a set of solutions 5.10x10->, 1022107" 


and D> ieigee ® Mebn oxalate. Stock solutions ol the ymeval 
ion salts to be tested were also prepared. An approximately 
8.60x107> M solution of CaCl,*6H,0 was prepared. The 
BipeateseSaltqawas mot chosensbecause of uthe joxi di zine 
power of nitrate ion in acid solution. Stock magnesium 
solution was prepared as 9.91x107> M MgCl. °6H,0 BHOMGR Ass 
aluminum solution was 5.00x10 > M A1,(S0)) 2°K,S0)*2H,0. 
The Be Dil. .thoriumschloride labelcdiaginotespecify, the 
number of waters»of hydration, present .sbuty ine Merck 
pages oe says that generally thorium chloride is hydrated 
Woh. (atoyo amoLessot water.) Lhnevetore 2 OO Mm Oe 


solution eontaining 0.5085. .¢ of thesB Dal. “material was 


prepared. Assuming a molecular weight of 500, the 
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molarity of this solution is 1.02x10~° M. Each metal 
ion stock solution was diluted ‘by a factor of ten twice 
POepi Ve a tinal solution 200, times more dilute sean 
iron(III) ammonium sulfate solution (1.52x107> M) in 
0.7 M H,S0) was used as the source of iron(III). A 
Standard oxalate calibration plot was prepared by 
injecting into the sample chamber 1 ml of the iron(III) 
SoOluC On, wo) mi. water and then 2.5!miot the mxaleace 
solution. After removal of the residual gases by 
purging with helium, the solution was irradiated for 
Ss minuves. To test, for iiterrPerence by metal ions 1 mi 
of the iron(III) solution was injected into the sample 
Chamber, [oblowed by 2.5 ml of metals von stocks solngiong 
Budeiastly 2.5 mie or 2.04x107" M oxalate solution. The 
results obtained are shown in Table 14. An oxalate 
calibration was repeated between the test for aluminum 
and thorium interference; it showed a slight downward 
shirt in carbon dloxide sienal, likely due to oxalate 
instability. This change was taken into account when 
ee the extent. of interference.) trom the wabile 
it} ean be. seen ‘that calcium v-and magnesium fons “present no 
interference at concentrations up to approximately 50 
times that of oxalate. At the Migeher: coneeutrarinons 
aluminum and thorium ions cause a decrease in the amount 


of carbon dioxide measured. If these ions were in a 
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TABLE 14 


Effects otworei gen. Tons, onathe 


Iron(III)-Oxalate Reaction 


Ratio, BS 
Metal Ion Metal Ion:Oxalate A dalembenence 
cat? Oped <1: <2 alk 
Heal: at 
40:1 <3 
Mg" 0.49:1 v1 
Oe ve at 
49:1 a 
a1*? 0.49:1 al 
4.og:l ie 
49:1 PRES 
tn’! 0.5:1 v1 
Sil Vee 
Syd 8.8 


25 olx107" M oxalate solution was used throughout. 
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solution to be analyzed a chelating agent to tie them up 


preferentially would likely decrease their interference. 


Effect of Urea. Urea was also tested as a possible 
interference in the iron-oxalate reaction as it sometimes 
occurs in combination with oxalate and is an important 
constituent in urine. Solutions 1 M in urea were 
prepared in water and in1M H,SO). Five-minute 
irradiations of these solutions produced only a small 
amount of carbon dioxide. Ten minutes of further 
irradiation increased the amount of gas given off by a 
factor of 2 or 3 only. Urea can be produced by reaction 
between carbon dioxide and ammonia; under the conditions 
used here, the back reaction is not observed to any 
Significant. extent. 

The urea solutions were then tested as 
interferences in combination with oxalate and iron(III) 
and acid. Even at many hundreds of times the oxalate 
concentration the difference in readings when urea was 


present could be attributed to random error.. 


Rrrect: oF Other Garboxytcc Acids 


investigation as Interferences. “Because the pas 


————, 
——— 
— 


chromatographic method worked well for oxalate samples, 
the effect of other carboxylic acids was investigated. 


To determine whether any of the molecular carboxylic 
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acids would be swept out of solution during purging and 
Separated on the column or whether they decomposed to 
Cannon padi oxide \during.«ineadiat ion,-.0.01 M solutions of 
sodium formate, sodium acetate, potassium oxalate, 
sodium citrate and potassium sodium tartrate were 
prepared <n hoM H5S0). Five ml of each of these 
Solutions were injected, the solutions purged with 
hetthumcand then «ipradiated efore5 minutes: ~el ron@alk) was 
not added for this run. Oniy small peaks were obtained 
southne yOlutions. were..irnradiated for ia. .furtherd0 
Minuces . ~The. readings, obtained jaftver, atotadk offset) 
minutes of irradiation represented less than 1% 
decomposition of the acids. No chromatographic peaks 
Commesponding ito, che molecular sachda. were evident”, 

: The. efifeco .of .other So MS Sees as 
interferences was investigated in a similar manner to the 
method sed to. observe the effect of metal; ions: on .the 
iron-Oxalate reaction. slwo..efiiects, were possible with 
the wcarboxylie. acids). nhinstiys. theyucouldecompilem with 
iron(III), thereby decreasing the amount of iron(IIT) 
available to complex with the oxalate and causing low 
results; or, secondly, they could complex with Teron bel.) 


and react photochemically to produce carbon dioxide and 


thus act. as @ positive interference: 
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To test for interference 1 ml of a 2.14x107° M 


idron(III) ammonium sulfate solution in 0.6 M H SO, was 


2 
iweeted into’thesirradiarivon chamber. “Thenv2, 5. miaot 
the carboxylate salt "Or mero ato be tested Tor 
interference (or water when the oxalate calibration was 
performed) was added followed by 2.5 ml of potassium 
oxalate solution. The carboxylates were added as metal 
salts whenever convenient so as to avoid pH changes. 
Three oxalate solutions of concentrations Takes 2107 | 
and 3x107! M were used to establish the calibration 
graph. The ax107 | M oxalate solution was used in 
combination with the carboxylate to be tested. The 
absolute percentage errors found with the eight different 
carboxylates tested are shown in Table 15. 

inet reactivity of sodiumetormate is especial hy 
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ereac. Others didnot iobservemehis several different 
foteworaficher Brand chemicals were vested; all yielded 
large interferences. Generally the 1:1 and 10:1 


interfering carboxylate:oxalate errors were 10% or less. 


Determination of Other Carboxylic Acids. Because the 
reactivity of several of the carboxylae acids with 
irenGulh)montairradtationkwas appreciable, a pret 
preliminary study was made of the conditions necessary 


to adapt the method to the determination of tartrate 


and citrate. This was done in the following way. Five 
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TABLE 15 
Interference in the Iron(II1)-Oxalate 


Reaction due to the Presence of Other Carboxylates 


Ratio, Absolute 
Carboxylic z Percentage 
Carboxylate Added Acid:Oxalate Error 
sodium citrate ieak 5 
Om 9 
MOO <a 60 
Potassium sodium eh 6 
tartrate Osea): 10 
LOOs 1 85 
succinic acid ike ah 2 
AMG ect il 
OOeeY uN 
Sodium propionate LAN 3 
dole) eal 5 
LOO $1 2 
Malie acid BiG aL 7 
LO 8 
LOOMS 20 
Sodium formate ea 5 
LOee Bi, 
OOF aL Ke 
Sodium acetate ehecail 0 
EO sal: a. 
OOPS: if 
Malonic acid eek 2 
LO. 10 
EO OSaL. 86 


Pete 21 POEUN TA? Cen ARs et vis. eS Mi 
¢potassium Oxalate Was added vase ee 5 ml Otmemwee 40 M 
oxalate Solution. One ml of oie Misdccon CIEL ) 
ammonium sulfate in 0.6 M H,S0), was used. The carboxylate 


salt or acid was added in 2.5 ml volume: 
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ml of the solution to be analyzed was injected into 1 ml 
OGa0. 20a FeNH) (SO, ) 5 Ine 0e0O.M H,SO,. After purging the 
residual gases from the solution, a 5-minute irradiation 
generated carbon dioxide which was analyzed in a similar 
manner to the oxalate experiments. Calibrations 
obtained are shown in Figure 41.- A high iron(III) 
concentration was chosen so that one iron(III) solution 
eouldG be used throughout the analysis. This, likely; 
Rave rise toythne nonlinearity of the’ calibration=, Over 
shorter concentration ranges an optimum iron(III) 
eoncentration couid be chosen and more carbon dioxide 
would be evolved for the low concentration samples during 
the same 5-minute irradiation. The critical dependence 
Ons che amount of) dron@€li1)- present» is similar to that 
for oxalate. A low acid concentration was chosen so 
formation of the iron(III)-carboxylate complexes, which 
are weaker for these acids than for oxalic, would not be 
hindered. When the acidity of the iron(III) solution 
was increased to 0./ M H,S80) more scatter was evident, 
especially at higher carboxylic acid concentrations, and 


the amount of carbon dioxide given off was diminished. 
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SUMMARY 


After a review of the methods available for 
the determination of carbon dioxide, a gas chromatographic 
method of detection of the carbon dioxide produced in 
the iron(III)-oxalate reaction is described. The carbon 
dioxide is generated in situ in an irradiation cell using 
a Pen-Ray low pressure mercury lamp; the resultant gas 
purged from the reaction solution with helium, carried 
through a column of calcium sulfate (Drierite) to remove 
water vapor, separated on a silica gel column and 
measured with a thermal conductivity detector. This 
simple apparatus avoided many of the problems of the pco,, 
gas electrode, such as hysteresis and interference from 
low molecular weight organic acids and aromatic compounds. 
The procedure for estimating oxalate concentration was 
optimized with respect to concentration of iron(III), 
kind and concentration of acid, and time and wavelength 
of irradiation. Potential interferences from several dons 
that interact with oxalate, and from carboxylic acids that 
react in a manner similar to oxalate, were assessed. It 
was shown that this system also could be used to analyze 
for citric and tartaric acids. Advantages include 
simple operation, the speed with which results can be 


obtained relative to some other methods, freedom from 
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many interferences, a wide range of applicability and high 
Sensitivity. Disadvantages Finclude that jteis) non 
automated (applicability to continuous analysis would 

be complicated), that it requires close temperature 
control and that all operating conditions must be 
carefully controlled if 100% efficiency is to be 

aonveved.. 

Having optimized the iron(III)-oxalate 
reaction for use in simple aqueous solutions, some 
preliminary data for a more complex system, oxalate 
determination in human urine, are presented in 


Chapter 6. 
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CHAPTER 6 
DETERMINATION OF URINARY OXALATE 
INTRODUCTION 


Background on Kidney Stones 

Kidney stones have been known for centuries. 
Most urinary tract calculi in humans are composed of 
calcium oxalate (as the mono or dihydrate), calcium 
phosphate (as hydroxyapatite), uric acid, magnesium 
ammonium phosphate, cystine or mixtures of these substances. 
Calcium phosphate stones tend to occur in patients with 
infected ,urines, where the pH is elevated. Oxalate 
Svomes, often found in. patients withyno urinary anrection. 
are; particularly important since wholly, or partially they 
Porm two chirds of all calculi... Hypercalciuria (iren 
ea levels) and hyperoxaluria (high oxalate levels) 
are two causes of oxalate stones, yet there is often no 
Sepictactory iexplanation. fior their occurrence in, otnerwase 


Pnormal” patients . 


Theories of Stone Formation. The theories of stone 
formation and non formation are many and varied. Several 
' P DOOR 
reviews have covered this subject extensively??? ‘ 


and some. theories will be mentioned here. .The 


precipitation-crystallization theory postulates stone 
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formation as a result of salt precipitation from 
Supersaturated solution. While it is generally agreed 
that most urines are supersaturated with stone-forming 
Substances this has not been proved experimentally. Early 
workers measured total calcium and oxalate (rather than 
fone’ concentrations) and used thése values" to? calculate 
Len products’. Raaflaub 1 developed a method to 
Gevermine-free\"calcium® concentrations usitnetthe dye 
tetramethylmurexide but as yet there is no known method 
to measure ionic oxalate, estimated to be~50% of the “total. 
It has been recognized that various components of urine 
ereemore. soluble in urine’ than ingalwaterrysolution:® “The 
Solubidity of “calcium oxalate in -urine is increasede py 
ons such as®citraves "which complexesewith callei um; and 
magnesium, which complexes with oxalate. If calcium and 
Oxalate Lon) activities in-urine+couldsbes measured’ the 
supersaturation= theory could) be proved er disproved. 

A major’probiem iies*in thee factethace seme 
individuals tend to form a few large stones that cause 
serious problems, and others many small ones that are 
passed at Heine? It has” been proposed that stones form 
around a foreign body that acts as a nucleus. “Some 
organic material is present in all stones, and the 
suggestion has been made that this material plays a major 


role in stone formation by providing a medium in which 
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the dissolved ions combine and crystallize, or a medium 
which controls crystallization. - Others attribute stone 
formation to the calcium-binding properties of certain 
mucoproteins of the organic matrix. 

An inhibitory theory Suggests that polyphosphate 
and/or pyrophosphates and/or polypeptides excreted by non- 
svonernormers, actiwas’ta deryora h-podson4d Witccordineatocthas 
Eneory «stone siormers texcrete’ sless\ tof thivs Substance. 

Still others ‘propose a protective esas theory 
which, states ‘that colloids can coaterystial miceliee stand 
prevent growth. The absorbed matrix has also been 
Suggested as a means of protecting the crystal phase from 
Gisso Luton during periods, when «the turiner: is s~undersaturated: 

There appears to be little’ concrete evidence to 
artcrrbuverstone siormationsto. ionly oneytheory: 

Lfavbetter .anabytical method dior urinary 
oxalate were available perhaps additional evidence could 
be provided to prove or disprove the supersaturation 
theory.  asince oxalate measurementicappears to be the 


limiting factor, asreview was undertaken tof othe methods 


to determine oxalate concentrations in urine. 


Methods for Determining Urinary Oxalate 


Tre basic difficulty Wa Measuring this ac# as 
y 


its low level (~ 10 M) in urine and the absaindance of 
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potential interferences in the complex Ulla yaa ol ke 
Because of the low sensitivity of many methods often 
Oxalate must first be “corfeentrated and it is usually 
separated because of the variety of interferences present 
iyeurine which “could “cause inaccurate results. “Ihe 
Separation step causes considerable difficulty. ° Few 
workers add a correction for nonquantitative extraction 
Cr precipivation. “Lt appears eee COrrect Lon Traccor,. 
perhaps determined by radioisotope measurements, should be 
aoplred Co.alivresults.: 

A*classic method “for oxalate involves oxidation 
with potassium permanganate. The determination can be 


03 


completed by measuring the evolved carbon dioxide 


performing a back titration with sodium closures oe 


20D) Various 


or colorimetrically ‘determining the “end point 
Procedures proposed to increase the specificity of the 
reaction include preliminary "esterification and distillation 
€O separate oxalate from interferences before gasometric 
determination of the carbon auiepcuslgn 

Yarbro and Sipser POUNG Chace anu ex vracu.1on 
time of 18 hours was necessary for the complete recovery 
Or urinary Oxalic acid™by diethyl ether “extraction. “To 
avoid phosphate coprecipitation and obtain 98-100% recovery, 


calcium oxalate was precipitated at a pH of 4.0 to 4.5. 


The oxalate concentration was then measured with a 
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permanganate-thiosulfate titration. The above procedure 
was modified in that after the calcium oxalate was 
precipitated at pH 6.0 it was converted to givco lic eaicid 
with zinc and then measured colorimetrically with 
chromotropic eo ee Recoveries of 88-94% were reported. 
A 98 + 1% recovery in the diethyl ether extraction step 
can be obtained if ammonium sulfate is added to the 
acidified urine and the extraction carried out)for 6 hours 
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eine] OC A 5-minute extraction with tri-n-butyl 


phosphate was a later improvement +; Pre soxalate was 
teen precipitated wby naddition lof calciumesnitate; 
reauced,;tosclyoxylrvenacid and (treated wi thiresorcine)l to 
formva colored ofluorescent scomp lex: nude also used a 
resorcinol iilbuorometricsanalysis for urinary joxalate. 
Pternavive ly loxalatencan tberreducedhtorsgiycol Temacird and 
measured with chromotropic mete 

Preeipitatedccalcium roxalate tcan endetermined 
by an automated method involving measurement of the 
meductionwin théeabsorbance of Ghetred 
uranium(IV)-4-(2-pyridylazo)resorcinol complex. A 
correction was applied to take into account incomplete 


bie Pernet and Pernetlit»115 


: 1 
precipitation of the oxalate 
converted urinary oxalate, precipitated as the calcium 
salt, to glyoxylic acid with zine and hydrochloric acid 


and added phenylhydrazine, hydrochloric acid and hydrogen 
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peroxide so they could estimate the oxalate 
colorimetrically!?®, Apter; @mecarboxydation toned ornike 
acid, urinary oxalate has been measured colorimetrically 
using ime wcnane 


Numerous methods have been proposed which use 


the oxalate specific enzyme, oxalate decarboxylase, 
JuBS) 


3 


oolained ifirom- Collybia vedutimessuctinaeit hes fimstimotaawnese 
precipitated calcium oxalate was incubated with the enzyme 
and manometric readings of the evolved carbon dioxide were 
meeattoncompmetes the anadysis. sAddiirect “enzymatic 
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determination: using a Warburg respirometer has been 
periormed) afterppreconcentrationtoiathe urinesarinean 
automated Mee none requiring special equipment and 
chemicals the evolved carbon dioxide was measured 
colorimetrically: dnhibitdon of the enzyme due to 
sulfate and phosphate was overcome by adding these ions 
movethes S Fandards solutionst( #A, simp bese oho rimeuricc Poumod 7 
ltekivieds avichosed iconical awaskticontad ion pais ne Jeourifer 
eric enzy ne »liftercdcehourss ate 3yaiciibne ierbon iioxide 
presientii nitanyalkalhine’ buf ferwineawicuverte) was measured 
With a e¢lasshlelectrode.9 Por, smaltdwanioun sot oxalate, the 
evolved formate could be measured using tetrahydrofolate 
synthetase-“-. Oxalate decarboxylase can also be coupled 
wath. the NAD’ -requiring enzyme formate dehydrogenase and 


Nee 
the absorbance of NADH measured 
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Another relatively selective technique which has 
been used successfully is isotope dilution. The counting 
can be done on the precipitated calcium oxalaber- 372" 
Oleai Ler conversion of the roxalate, to glycolate’, A 


double isotope labelling experiment using calcium-45 and 


carbon-14 labelled oxalate has also been used. 
Ty 


More unusual methods, such as polarography ; 


have been tried,while centrifuge tubes have been 
developed that permit washing of the calcium oxalate preci- 
pitate and analysis by cerate oxi dimecny oc. In. this proce- 
dure radioisotope-determined factors were used to correct 
for incomplete. precipitation. Extractedyor separated oxalate, 
anber conversion to the diethyl or methylsderivative, has 
been measured by gas chromatography?-221392 131, 

the difference between the excess (calcium (ions 
present in the iurinary.supernatant tat oH 5 end 2.as 
measured by atomic absorption, was used by Menachat>¢ as 
aaroutine micromethod to determine oxalic saciid. 2 The 
calcium in precipitated calcium oxalate can be measured 
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by atomic absorption or complexometrically 
After a tri-n-butyl phosphate extraction and 

precipitation of oxalate as calcium oxalate, Dutt and 

Mottola??? analyzed the oxalate with a standard addition 


technique and observed the effect of oxalate on the rate of 


oxidation of tris(1,10 phenanthroline)-iron(II) complex by 
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chromium(VI) in relatively low concentrations of sulfuric acid. 
Discussion of Three Important Methods of Measuring 
Urinary Oxalate 
One clinical laboratory in Edmonton uses a 
combination of extraction and precipitation to separate and 
concentrate urinary oxalate. Their method involves heating 
the acidified samples at 100°C for 30 minutes to hydrolyze 
any oxaluric acid that may be present. The cooled filtered 
solution, an oxalate standard and a blank are then 
extracted with diethyl ether. The ether is added to a 
small volume of water, then evaporated. To the remaining 
solution, calcium chloride and an ethanol-acetic acid 
mixture is added. After 24 hours the solution is 
centrifuged and the supernatant removed. The precipitate 
Pe O1SscOLVed, in suliuric, acid and Uiteaved Wich PpoOvasc. um 
permanganate at 60°C. 
A second laboratory uses a somewhat different but 


133, Whereas the first 


equally time consuming method 
faboravory uses only 25 ml of Urine, ‘the second needs =a 
100-ml sample for each analysis. Because of the low 
oxalate levels an oxalate spike is added to each urine 
sample. A standard potassium oxalate in water is carried 
through the analysis as well. The oxalate is precipitated 


as calcium oxalate directly from pH 5.0 urine and the 


solutions are allowed to stand 3 to 7 days at 44°C: to form 
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the precipitate. The supernatant liquid is removed and the 
precipitate is washed several times with calcium oxalate 
saturated water, then dissolved in sulfuric acid and the 
calcium determined by atomic absorptions ‘A) calibration 
curve is run on standards prepared from pure calcium 
CanpOnavesinvacid. 

Several sources of error are evident in both of 
these procedures. Koch and Strong t2® state that the 
fraction of oxalate precipitated as calcium oxalate 
depends both on the amount present in solution and the 
length of time allowed for the precipitate to form. One 
Gay ts> insufficient for complete Tormationiwor the 
precipitate, and even after 3 days precipitation is 
incomplete. The standards used in both of these methods, 
pure potassium or sodium oxalate in water, do not mimic 
the complicated urinary matrix. (Recently, the second 
procedure has been modified in that standard additions are 
now used. Although an improvement, the method is still 
not very reproducible or reliable. ) 

Hogkinson and Williams??? determined oxalate in 
urine by ‘adding calcium sulfate sand terthanol to ph siaurine 
and allowing the precipitate to form overnight. After 
eee tation the precipitate was dissolved in sulfuric 
acid, zine wire added to reduce the oxalate to glycolic 


acid and the solution heated in boiling water for 30 
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minutes. A spectrophotometric determination with 
chromotropic acid in sulfuric acid was then performed. 

The method was investigated in the laboratory as it 
appeared quite promising. The procedure was followed as 
OULlIned, except that zinc pellets were wsed because of 
the unavailability of zine wire. Removal and washing of 
tees pelmects With only 0.5 mi of 1% chromotropic. acid 
solution was difficult, however. Also, extreme care had 
DO be exercisedrdue to the high concentrations of sulfuric 
acid used. The precision obtained for the method when 


using oxalate in water was poorer than the 2% claimed for 


109 


the method. An earlier method of Hodgkinson and Zarembski 
Namco used Zinc dust was also tried. “The wine dus 
Seruied to the bottom of the tube and a portion of) the 
Supernavant could be easily transferred for reacvulon wacae 
Peevrecnromovropic acid. “The precision obtained Was 10 
becver than with the zine pellet merphnod. 

After assessment of the long analysis time and 
poor precision of the methods available, an attempt was 
made to analyze urinary oxalate by the iron(III)-oxidation 
method presented in Chapters 2 and 5. A method that is 
more rapid and that avoids the problems of prior 


Separation of the oxalate is greatly weeded. 
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EXPERIMENTAL 


The analysis of urine for oxalate using both 
the pco., electrode and the gas chromatographic stripping 
method to measure the carbon dioxide produced by the 
iron(III) reduction was investigated. The experimental 
conditions used are those outlined in Chapters 2 and 5. 

While the low oxalate levels present in urine 
are not a problem for the gas chromatographic detector, 
they were below the linear region of the pCO, gas 
sensing electrode. Furthermore, citrate is present in most 
urines at higher concentrations than oxalate. The normal 
citric acid level in urine is about 800 mg/day while the 
normal oxalic acid level is about 30 mg/day. However, the 
citric acid interference can be minimized by decreasing 
the pH.-oi. the. samples , as. discussed earlier. »sOUtherimajor 
urinary components, such as sodium and potassium chloride 
and urea, did not interfere with the iron(III)-oxalate 
reaction or with the measurement of evolved carbon dioxide. 

Some: carbon. dioxide is evolved» from urine 
Samples, on acidification; this can besremoved beforesthe 
samples are introduced into the analytical procedure by 
purging with an inert gas. In addition, some background 
carbon dioxide appeared to be evolved upon irradiation, 


likely from components such as citric acid. 
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Thesonly practicalseway .to, analyze urine samples 
appeared to be via a standard addition technique. This 
procedure will compensate for ionic strength effects, the 
presence of agents capable of complexing with iron(III) 
and the high absorbance of the solution. The urine was 
diluted to the same total volume with either water or 
spikes of standard oxalate solutions. The standard 
addition equation which was used in the gas electrode 
determination of the carbon dioxide was derived from the 


Nernst equation: 
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where By and Hi are two millivolt readings,” w2thous end 


2 
with added spike, E° is the standard electrode potential; 
evo one, slope, Cy and oor are the concentrations of the 
unknown and spike solution, ue and ve are the. corresponding 
volumes, and Vane is the total volume. Subtracting and 


rearranging, 
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Taking the antilog of each side and rearranging, 


AE/S rf 
Ne Niece ee bs ee Ce a a RNS a) 


or, 


AE/S -1 


2) 
il 


Oglala branes bebe - 1) 
the urinary oxalate concentration. was obtained from-the 

x-axis_intercept on.the standard, additiom.plotfor the.gas 
ehromatographic..method. of) detection-of: the evolved carbon 


dioxide. 
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RESULTS AND DISCUSSION 


pco., Electrode as the Detector 


A difficulty encountered in the use of standard 
additions for the determination of carbon dioxide was the 
high degree of dependence of the equation on the values of 
AE and S. As mentioned in Chapter 2 the pco,, elecurode 
displayed a memory effect when lower concentration samples 
followed ones of higher concentration. Thus if @ urine 
with water added were analyzed alternatively with 
Sreered urine samples the value obtained, in millivolts, 
for the nonspiked sample continually increased. The 
iacial value did not appear to be the ‘correct one to use 
because if this first non-spiked solution were run 
consecutively several times, increasing millivolt 
readings were also obtained. This may be due to diffusion 
Or molecular species in the urine across The gas permeable 
membrane. In addition, plots of oxalate concentration 
apainst millivolt readings gave varying slopes, especially 
at low concentrations where non-Nernstian behavior becomes 
Significant. In the standard-addition equation small 
ehanpes’ in AE. and Simesult: in large “chenges 21 CL: 

A major problem with urinary oxalate analysis 
is knowledge of the "true" value of the oxalate 


concentration. A number of analyzed samples were 
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obtained from the University of Alberta Hospital, but all 
had been stored at 4°Cc Por at least a week and usually 
much longer. Hence their composition may have changed 
through decomposition or precipitation. Because of this, 
and because of the uncertainties in their method of 
analysis, no confidence could be placed in their values. 

The data obtained with the pco,, electrode was 
too scattered to determine whether the electrode was 
responding in a Nernstian manner because the Nernst 
equation included both Ce and the spiked values in the 
logarithmic term. 

In theory, with enough standard, addition spikes, 
mie Three unknowns in the Nernst equation, Fi S and ce ; 
could be evaluated. But because of the large differences 
in the magnitude of these terms -- E° about 100 mV, 5 less 
4 to 107° M-this was not 


than 60 mV and C, about : hue 
Orectical. “Furthermore, this method assumes a linear 
Calibration, which may not be valid? 

A bisection method was’ also investigated. “In 
this approach the Nernst equarvion®is rearranged to vy1eld 
a eeu Of equaviOns Of them cvype: 
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are the concentrations of the three spike solutions used 
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and Foi4 and E,_, are the differences in millivolt readings 
between those obtained with spikes three and one and with 
two and ome. in deriving this equation S and E° are 
assumed constant. This assumption may not be valid at the 
low concentrations of oxalate present in the urine. The 
Vorue Of Lhe exponential term in the above equation as 
Parulcal @1503; a small -error leads to a laure errom im 
Gzealave concentration. 

Changes in iron(III) concentration, acidity, type 


Gmvbamp and-speed .of analysis in the pCO. electrodes prem 


2 
Uienoy, improve the results. Thus it appears thate this 
merood should be reevaluated if a ,more veliabile pco,, 


electrode becomes available. 


Gas Chromatographic Method of Analysis 

A brief preliminary study was made of the gas 
chromatographic method of Chapter 5 in an attempt to 
measure urinary oxalate. The addition of several drops of 
Antifoam B, a silicone emulsion (J. T. Baker Chemical Co.), 
to the urine samples was necessary to reduce its tendency to 
foam during helium purging. 

A synthetic urine mixture was prepared which 
contained over twenty of the major components present in 
urine. From analysis of this solution the optimum 


iron(II1)-oxalate ratio was found to be about 20:1. This 
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is much higher than the 2:1 ratio found optimum for 
aqueous solutions of oxalate and can be explained as due to 
Une; high absorbance of the urine solution. * The spectrum 
Olea urine sample, diluted by half with water and wich no 
iron(III) added,is shown in Figure 42. The absorbance is 
Sreaiiicantly higher tat all wavelengths than thar for ta 
Pure povassiumroxalate solution (Figure 32). 9 -Even 4 
biether addition of “10 ml ‘ef water to DP ml or thew urine 
Maxture stil lieresulted.in high absorbances for the\solution. 
To -awoid the added complication of ‘the unknown 

rate of decomposition and/or precipitation of the oxalate 
or other substances in freshly collected human urine as well 
as variation from person to person and day to day 
Hycel No. 928-000 dried human urine was used as the source 
Pee urine. vFour vials (lot fiumber 295141 )iwhoich 
reconstituted to 25 ml each were purchased. The urine 
is a pooled sample for which the analyzed values of many 
components are available. Although an oxalate value was 
mot ancluded, use’ of these samples providedwag reproducible 
Sanple for svudy. 

| When’ 2.5 mie@ot “a Hycel eines Ssanpie was maxed 
with 2 “ml of dron(I1l) in GSO WRC ha tie fonkor the 
resulting solution was approximately 1, at the limit nlp 
interference from citrate is to be minimized. Since this 


Acidity could be attained from the acid) in the iron( iit) 
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Figure 42 Spectra of a Human Urine Sample: 
ooeoce urineisdtluvedalelewith water ; 


urine diluted 1:20 with water. 
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solution, the urine sample itself was not acidified for 
the tirst “analysis. Therefdére?2.5 ml 6f urine; an) equal 
volume of water and 1 ml of 0.6 M HCl were irradiated for 
Dp eminutes after the residual gases ¥nad ibecnerlushed*our 
of the system. Then the water was replaced by varying 
concentrations of oxalate spikes and the 0.6 M HCl was 


replaced by ie5xpe 6" 


M Leon(k Ply) “ined 26 Si ,He mee An@apparent 
oxalate concentration of 40 mg/l was calculated! 'fér this 
sample after taking the background carbon dioxide into 
account. However, when this background was added to an 
aqueous oxalatetcalibration ay lower urinary -oxalate 
eoncentration was /optaineduby reading- the: valueror the 
urine with water only added as a spike.” This *discerepancy 
is the result of screening by strongly absorbing components 
Waecne urine?’ “Oxalate in water cannot, bemusedretor+caliprate 
for urine samples* 

Urine samples spiked with oxalate do not react 
quanvitatively:"éachVadditfional’5*minutves of virradiavion 
yielded’a significantly large peak up to 2O0™minutes COwad 
Weradvation. © in contrast sindividual*peakeeior each 
additional 5>minutés trradiation*were smalleand-relatively 
constant when no additional oxalate or iron(III) was 


present, °This, “again; shows the difference ain penavior 


between urinary oxalate and aqueous oxalate samples. 
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A similar analysis procedure was used on a 
second vial of urine contro,’ except thatea 20-ml portion 
of the urine was acidified with a few drops of 7 M H,SO) 
coOeduplicatel the conditions under which urines-are often 
meccived by Clinical laboratories. Althoueha Mower 
urinary oxalate concentration might have been expected for 
this sample because of the higher acidity, experimentally 
@ Valuesof 638 mg/l. was obtained. No explanation ould be 
Prov road iTorithas . 

whe third vial was analyzed “in a similar ‘manner 
to the *first! vial except a 20-minute. irradiation was jased 
instead of a 5-minute irradiation as it appeared’ 5 
minutes was not enough time for a complete iron(III)-oxalate 
reaction to occur. This experiment yielded a 77 mg/l 
ywoalue, for the oxalate concentration of the sample. 

The three straight-line calibrations which were 
obtained are shown in Figure 43. Since a value for the 
exalate concentration was not avaisabile these resuics 
Gould: nov be’ compared sand so no” further work in this ares 
Was carried out.” Once a vailuer for-tne oxalate 
concentration is known, the effect of acid and iron(III) 
moncentration and Other: variabies cantberdetermined. IL 
Appears as if the’dried urine eonvrols ane “the "best ~eirerce 
for development work because storage and decomposition 


problems and variation from person tO person sare 


avoided. 
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Chart Reading, cm 


0 Ol, Lae Peo WeaCs 
Oxalate Spike Concn., millimolar 


Figure 43 Analysis of Oxalate-Spiked Hycel Urine 
pample:. 1... t2.and 3 verer vo rectuiTs 
obtained for first; second” and third 
Vials. OF Mimanies 
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SUMMARY 


After a survey of the methods available for the | 
determination of oxalate in urine, a brief investigation 
was made of its measurement using the iron(III)-oxalate 
reaction and determination of the evolved carbon dioxide 
Waco CL Thera poco. elecvurode’ or in “atcas “chromatocraniaec 
method. While the oxalate concentration appeared to be 
Poo the. mon Nernstian-range,ot the pCO, electrode, the 
gas chromatographi cemethods dsusul ficiently sensitivento 
Bev vable tToimeasure the carbon. dioxide evolwed. Because 
On the higchybackeround absorbance in urine, jhigner 
concentrations of iron(III) and longer irradiation times 
must be used than was found optimum for simple aqueous 
SOLUGlonmss. .ASsessment.of =the accuracy Of the meviod: ims 
hampered by lack of a reference method with which) to 


eompare results: 
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APPENDIX 1 


COMPUTER PROGRAM USED TO CALCULATE IONIC CONCENTRATIONS 


WODSIHDMNE WH 


THIS PROGRAM ITS A SPECIALIZED IMPLEMENTATICN OF 

THE NEWTON RAPHSON METHOD TO CALCULATE CONCENTRATIONS 
OF ICNIC SPECIES BY VARYING THE CHEMICAL FCUILIBRIUM 
AND MASS BRLANCES. j 
NUMERICALLY-THE PROBLEN TO SCLVE IS THE FOCLLOWING- 


ae PAL Qreoe tes 
! D'F D°F DIF 1 | { 
Re a oe rae) ah SPS 
] DX DY DZ in } 
14 
4 D'G D'G D'G deel } 
baubideestg aes Seg ih ck 8: 
! Ds: DY DZ 14 

j 1 ] 
! D'il D'H D'H pe 1 
i Rget ete Figo er SD 
J DY sO) DZ | } 
eee alc i 


= -— 


DHE ABOVE TAL REX OBDAGNED SY A TAYLORYS) EXPANSION 

IN 3 UNKNOUNS IS SOLVED USING THE GAUSSIAN ELIMATION 
METHOD 

PROGRAM WRITTEN =- JANUARY 1976 

USER =a BANS COOL EY, 


REFERENCE - JOURNAL OF CHEMICAL EDUCATION 36(10) 485 1959 


ALGAIO GQ GQ GG) ClO OG) Qi’ Qu) @QiGh @u@ Gra: GuG) QuGiG) 


Lie Se Pe See SS PSPS S ES SSS PSS ESSE SES TST TPES SCTE SESS SRC ES EET SSS SSS SE SE St 


SUBROUTINE SOLVE (NR, IOK) 
IMPLICIT RAAL*8(h-H, 0-2) 
REAL*8 FPX(25),X% (20) ,D7(60),N,M,CO(20,20),BB(20),A (20), 
*IDEGRE 
COHMCN /N1/ PX,XX,DT,N,M,CO,BB,A,IDEGRE 
REAL*8 MULT (50) ,MAX 
C*#***GAUSSIAN ELEMINATION ALGORITHM 
C****NR IS DIMENSION OF SQUARE MATRIX 
C**x*CO IS COFFFICIENT MATRIX, BB RIGHT HAND SIDE OF EQUATIONS 
C****R TS SCLUTICN VECTOR 
DO1 J=1,NR 
C*¥***PERFOR™ ALGORITHM POR ALL ROWS J 
MAX=0.0 
Ti=J 
C*¥***II IS ROW IDENTIPIER POR MAX ELEMENT 
pO2 I=J,NR 
C#*e*e*eMAXIMUM ELENENT IN COLUMN FOUND 
COMP=DABS (CO (I,J) ) 
TE (CCAPVERSIAX)IL=2 
IF (CCMP.GT.MAX) MAX=COMP 
2 CONTINUE 
C¥**x*ROW EXCHANGE PERFORMED 
TEM P=BB (J) 
BB(J)=2B(II) 
EBB(II)=TEND 
POra IIIs 15.98 
NULT (JJ) =CG (J, JJ) 
COtS Jd) eco (t,o) 
3 °COMIT, dd) =nULT (33) 
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DO 4 J=J,NR 


C##exSTORE MOLTIPLIERS 


& MOLT (I)=CO (I,J) 


DO 5S I=J,NR 
DO 9 JJ=J,NR 
IF ( DABS (MULT (J)).LT.1.0E-7) GOTO 99 


C#*##eUSE MULTIPLIERS ON DIFFERENT ROWS 


TE (L.£0.5).CG (J,,05).=CO (3) 3) 780LT (3) 
IF (I.GT.J)CO(I,JJ) =CO(I, JJ) -MULT (I) *CO (J, JJ) 


9 CONTINUE 


C**e*eOSF MULTIPLIERS ON RHS 


IF (I.EC.J) 3B (I) =BB (I) /MULT (J) 
IF (1.61.3) BB (I) =BB (I) -MOLT (I) *BB(J) 


5 CONTINUE 
NECONTENUE 


C*¥*** BACK SUBSTITUTE IN TRIANGULAR MATRIX 


609 


DO 7 I=1,NR 

II=NR-I+1 

SUN=0.0 

LE (IT-£O..N8) GO TO 7 
K=IJ1I+1 

DO 8 JJ=K,NR 
SUN=SUN+CO (II,JJ) *A (JJ) 
CONTINUE 
A (II) =BB(II)-SUMN 
IOK=1 

RETUEN 

WRITE (6,6C9) MOLT (J) 


EORUAI(UO (PIVOT EUEMENT TOO SHALL = "SENGULAR MATRIX! D20= 10) 


TOr-0 

RETURN 

END 

DOUBLE PRECISION FUNCTION F1(ITER) 

INPLICIT REAL*8 (A-H,0-Z) 

CONNON /N2/A7,A8,89,810,A11,221,A22,A23,424,4825,A26,A27,A28 

COMMON JNSS plea ke ec is Co; C3, Oh, C20, Colac ASOD Als ase 

COMMEN, “NUT 2). T3., Vili Medpk lok breelirie, 2 au 

FUSTeT*Y*A7+T*VXA 1 TH THVQ* A214 T*¥Z4A224+T*Z2*AQ234+THZZ*FAQY 
+THAQZE/X—-C 14TH YZ¥ AQT + T*Y3*A28+T*Z4¥A254T*S*A30 

RETORN 

END 

DOUBLE PRECISION FUNCTION FP2(ITER) 

IMPLICIT REAL*¥8 (A-H,0-Z) 

COMMON /N2/A7,A8,A9,A10,A11,A21,4822,A23,A24,425,A26,827,A28 

COUMON GNSS, Cel sec tec epee Cu CRO CST, ACO GA I0PRS Ihe 

COMMON E/T 2, C5, 2, Wak Dd inken. Lope oce aol 

P2=VeX¥V*ABE THEVA T 14 2*T¥*V2¥*A21-C2 

RETURN 

END 

DOUBLE PRECISION FUNCTION F3 (ITER) 

FUPHEGACEAAR Aah ie seh WalelO)7A), 

COMMCGN AN2/A7,48, A9,R10,A 11,421) Ao 023,029,425, A 26027, AOS 

COMHON: /NS7Se TV Ak eValec ls Copess er e20, Cail,A29 ,Ad0, 201, A32 

CCHMCN /NQ/T2,7T3,V2,73,X%2,X3,Y2,13,22,23,24 


P3=X#X*Y*¥AS+X¥Y*A 10+ 2*X2¥*Y*AI-C34+ 3¥*X3¥*S*AZ 14 Q2*¥XQ*S*AZ2+ X*S ¥A2I 


RETURN 

END 

DOUBLE PRFCISION PUNCTION F& (ITER) 

IMPLICIT EEAL*8 (A-H,O-2) 

CCHMON /N2/A7,A8,A9,A10,A11,A21,A22,A23, 424,225,826, 427,428 
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122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
e3/Z 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
Tau 
145 
146 
147 
148 
149 
150 
151 
152 
153 
$54 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
179 
171 
172 
173 
174 
175 
176 
V7 
173 
1,39 
180 
181 
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COMMON. ZNI/S, TVG he 7F 71 ,C2,Ci, Ch, C20, Ca 1, A290 9AI1,A02 
CORMONP/NO7T2A,TORV 20 W380 % 29X32 P9972, 23,76 
FU=Y#X2*Y*AItK*Y*A 104 Te Y#AT-C44 2" THY 2*N2 7+ 3¥THY IKEA IG 
RETURN 
END 
DOUBLE PRECISION FUNCTION FS (ITER) 
IMPLICIT REAL*S (A-H,0-2) 
COMNCN /N2/47,288,49,A10,A11,421,A22,A23,424,825,426,A27,A28 
COUNCN 7G 7S, 75 Ve lg 29 1, Cl nC 3, 0G C207C37, 20. AIO AG TEAS 
COMMONS / NOP T 2 ATA RV 2 AVON 2 ANGI C2 YI ee, 73576 
PS=Z+T*Z*A22¢2¥*T*Z2*E234 3¥THKZ3*AQU-C20+4*T*ZUERIS 
RETURN 
END 
DOUBLE PRECISION FUNCTION F6(ITER) 
IMPLICIT RFAL*8 (A-H,0-Z) 
COMMONWY/N2/A7, 28, A9548107411,821,822,123,004,425,A26, 27,020 
COMMON /NI/S, TVs te eC 4h, C27C3,C4,62059C31 (A299, A907 Nat, ADe 
COMMEM /NA/T2Z TOV 2 VSP X2 PXD IVI V3 722, 23,24 
FO=X3¥*S*A3 14 KX 2*S*AZ2+X*S*€A 294 1T*S¥*A30-C31 
RETURN 
END 
DCUBLE PRECISION FUNCTION DF1S (ITER) 
IMPLICIT REAL*8 (A-H,O0-Z) 
COMNCH /NI7A7, NB, A9,410,48.11,221,A22,A23, 124,025,026, 127,028 
COMMONS NBYSNT AV AL PVC ec 2G3,100 7620, C3 1,429,030, 83 1, a2 
DP 1S=T*A30 
RETURN 
END 
DOUBLE PRECISION FUNCTION DFiIT (ITER) 
IMPLICIT REAL*8 (A-H,O0-2) 
COMMCK /N2/A7,A8,A9,A10,A11,A21,A22,A23,A24,A825,A26,A27,A28 
COMMON YW NOZS PIPL SSC IC 2 C3 16902070 3:1, 229), R30 FA3t Ase 
COMMON /N4/T2,73,V2,V3,X%2,X3,¥2,°3,22,23,24 
DEATH TFY*ATHVEAT 1+ Y2*A2 14 Z¥A 2242 2A 23472 3I¥AQN4A2G6/X 

#Y¥2* A272 Y3*A2Z34+Z4U¥A25+S¥*A 30 
RETORK 
END 
DOUBLE PRECISION FUNCTION DF1V (ITER) 
IMPLICIT REAL*8 (A-H,0O-2Z) 
COMMON /N2/A7,A8,A9,410,A11,A21,422,A23,A824,A425,A426, 427,128 
COMMON IY NSVSE02 VEU NS 2, G1, C2b. Coy Cu, C2040 3, AZ ABO AGH AS2 
DEYV=TEADIE2*T*V¥A21 
RETURN 
END 
DOUBLE PRECISION FUNCTION D?1X (ITER) 
IMPLICIT REAL*8 (A-H,0-Z) 
COMMON) 782 /A0, KOS 94 LAOGAT1,A21, N22, A23,A09,825,026,427,226 
COMMON DN ZNS/SeTs Wha Yd 24 Cle 2) CBr CHE C207 C3 10 AO 3089317252 
COMMON NS 72s 23, VLR VS koe Koy oe Tay 28h 
DE UX=-T#A26/K2 
RETURN 
END 
DCUBLE PRECISION FUNCTION DFVY (ITER) 
IMPLICIT REAL*8 (A-H,O-Z) 
COMMONS N2/A75 AU, AD, A107 RO I,A21, 422,423,020 ,025,A26, A827, A028 
COMMONS AN3/7S eT V5 Kel F Ze Clg 2; COP Cue C20) C3IPA29, AG0R AG AS A 32 
COUNONS /NBYT 26 T9>.V 25. V8, V2, Kae Ney yes 22) 23,28 
DEVY=THAT+2*THY*A2T + 3*T#Y 2A 28 
RETURN 
END 
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DOUBLE PRECISION FUNCTION DF12 (ITER) 

IMPLICIT REAL¥8 (A-H,0-Z) 

COMMON /N2/47,A8,A89,410,A11,421,A422,A23,424,825,A26,827,A28 
CGRMEN > /N3/S, lov pig te ood C2 gC, C4, C20; CONPALD ASOT ASH AGS 
COUNCNY /NV/T2 US sg Veg Nog kl, XS, Yee oyee, oop a8 

DF UZ=T¥A22¢ 2*THZ*A2Z¢EI*T*ZQ¥A QUE UY ¥TXZ3*A25 

RETURN ; 

END 

DOUBLE PRECISICN FUNCTION DF2T (ITER) 

SEP LACTS REALE GR 1p O— 7) 

CCONON SN2/A7,48,89,810,811,021, 822,823, A29,0825, 826,427,428 
SOE NEV AS Rls oC A 8 APS Re ASS} (Ei (CM) (C25) IAS) NSO ISN es 12 
COAUMCH YNG/T 2 Tsoi, VeS,lepes, V2, Ropeeposyoe 
DE2T=V*AY1+#2¥*V2*A21 

RETURN 

END 

DCUBLE PRECISION FUNCTION DFP2V(XTER) 

SUPE ICID REALES (ASH O-Z) 

CCHMON JN2Z/7A7T,A8,A9,210,A11,421,A22,823, 828,425, 826,227,428 
COMMON” JN3/S,0, Vo Xe Ver ,C1;,C2,63704,C20,C31,A29 430 Ao, As2 
DF2V=14+T*A11+X*A8+44%T*V¥A21 

RETURN 

END 

DOUBLE PRECISION FUNCTION DF2X (ITER) 

IMPLICIT REAL*8 (A-H,0-Z) 

CCOUNOND ANZ AT Aig hop AN Olginvl WigrAte bigth Lic p eg nil gh a OleAS Ole TAD gine. 
COR MOND NSS pues Nip Verio gio Wis Gayo Ca GLO CoMAZ oA Olan ns 2 
DF2X=V*A8 

RETURN 

END 

DOUBLE PRECISION FUNCTION DF2Y (ITER) 

IMPLICIT REAL*8 (A-H,0-2Z) 

COMMON /N2/47,A8,49,A10,A11,421,A22,A23,A424,425,826,A427,428 
COMMON /N3/S,T,V,Xe¥,2,01,02,C3,C4,C020,C031,829,430,831,A32 
DF2Y=0 

RETUHN 

END 

POUBLE PRECISION FUNCTION DF2Z (ITER) 

JNPLICIT REAL*8 (A-H,0-Z) 

COMMON /N2/A7,A8,A9,A10,A11,421,A22,A23,A24,A25,426,A427,A28 
COENON JNG/S, TeVikel stele Crees Cds cCeU,C Ss, ALd, ASO, A IN, Ase 
DF22Z=0 

RETURN 

EXD 

DOUBLE PRECISION FUNCTION DF3S (ITER) 

TMPLEACT RARE ALES (A=he O=2)) 

COMMON /N2/4A7,A8,A9,A410,A11,A21,A22,A823,A24,825,426, 827,428 
COUMON YROYS) DEN Np Zee eC 2p C57 Ct e200, C 31,829 7h30, 831,052 
COMMON /NGY/T2,7T3,V2,V¥2,X2,X3,Y2,1%3,22,23,24 

DF 3S=3¥*X3¥A3142*X2¥AZ2EX*AZI 

RETORN 

END 

DCUBLE PRECISION FUNCTION DF3T (ITER) 

WMPLICET PREALES (ASH, O=2)) 

COMMON /N2/A7,A8,49,A10,A11,A21,822,423,A424,425,A426,A27, 428 
COMMON /N3/S eT eWe Xoo 2,C1,C2,C03,C04,C20,033,429,230,433,432 
DF3T=0 

RETURN 

END 

DOUBLE PRECISION FONCTION DF3V (ITER) 


~ iw - 4 J. Gao a) ea 
: ; . i 1" : aT, : ee 
PR mL RE Wey ky? a 
EK Pes eR Sy.) Og | AR hy 
VR es 28 En rs 
ie ane es Te xe 
t. ae : a ; , ce 
hye iliac eaten eae 
eer D say ps rei ee Pe 49NE299 ody iNet ie 
a Va q ms ’ hh (80.3 ak Gat oe b - 
é \ s0% : ay _* ane v FA vit eth. a ee abe ao 
(25h. LO VN Eo LP See ey Fy Fae vine iee ‘i | | 
3483.67.59 IUCN ES TLRS ENCANA way oe 
VES THORPE MORE MEME ELT OMe AEE, 8 
Ae ra. ft ’ , & * ean _ Le af 
ar Cee Nhe nyent Coe ieee a a oes 
SPR yy ar U ge ae ’ oF 
; i aac. 3 
254. sede seeks Ter eet aN KAI a: 
: 3% é re tee * haat A 345 ib an. Ye) ey 
ry ESE tent wrens d ol! : : ek 
pd hh pLACSTOS SE PANETT 3a 
F n,. a 5 PPR oS ae 
pa a i 
yo? cazR Tagn eed UDG) Bee 
. .) Marl eR pOOIAEe TEAL Tae ey 
b+ OSs eo re OA. 4 TENSE Onwae oe 2S 
, r is | ty w. 7 | Ox9 “) : 7 — = 
‘Ha® KORG A Tr eVoseg 2 : he ¥ 
at? waty Cee... _) th 
a" yh ? ayo Gi ; 
au yo." zy) anreiasee: titi {og o) es Me Rg 
. a Oy "h) rae PYOLIAG2 fs, on ao x 
CRANS 4.48 > sett tas A TINS! WH 92" ; x 4 
1A 1 ED, ? £9429, R ey! shy Vit yESERS ope ay) fe Gn 
Ais ‘) Sretextia ai © ey 
ve yaks ier 
ae) | oe ivy 
(UTE) CLSd) COPEORaS COTS EER <> Tsp. a 
N ‘de Ae ega eres ee 9 ae 
v is Rhy ETE ISE ES sty Ola yes. eee teyy eaieas AR be 
£4 4.!' LS eds 2 By td, wet ia a wy 4 ni GO NID Ye “ 


* getel | | os W, 
ae, |. 
: + ‘ oe i ' Tas. ve ae, » J ie 
ese tt te ae ee Su 

E ; . ¥ ine Pinter te Se Witter 3 UN 

eas ACR ale Lece te eo ay ¢ fie OER cea ck E ofed ee Nhbengh Tr c pales 

atehiad =A CER LTC: 5 hs ¢ itl thin e mes 1) FORs Br _ a al 

‘ " ONSERR: at 

| ole vi oe | j 

M ne ee nthe  ) Sn a 

» : (ag exer 1d akenee arming ;, 7 iy 


E(S"Oeh AOOLESRLCESLAGaAg 


fiXS oo TERE REL eh wey eta gs OEE Oh £ % ae ait 4 
: Ayre jae 7% ; au 2p! OF e Out a RIG ve i 
ws 49 SF 88,53 af Tal vey, ries e a 
"ebiae eds eee HEXMERTE TH’ 


: 7 G he a ig B Lic eat Rae, a “3 
Hn Ree : canons aw ageratoy Pie Se ai - 
(=, oe eee ee _ 


he A y, ry -_ iLf.49 ye! af = a4 tn Sih btn batten ea rd y HS HOBHOD: 
SEATED CCK PRR POCO), oD LR anes rst ri tn ae900 ; 


| aren a ny thas 
DF ! edicie ‘ere 


' 
‘ bi 


ie a a vi) 1 fro! 7 : 
Meee ie YP | ae 


ee 3} 


IMPLICIT REAL*8 (A-H,O-Z) 

COLMON /N2/47,48,89,070,811,A21,A22,823,8249,425,A260,A27,2828 
COPMONG /NS/S Tay Ng eels Cec lp C2, C3; G8, C20,C3),A 29, R30, aot, noe 
DFIV=X*A8 

RETUEBN 

END 

DOUBLE PRECISICN FUNCTION DF3X (ITER) 

IMPLICIT REAL*8(A-l,0-2) 

COUMONS /N2/A), AOGAI, AO), All, Ao ep hee, aes od FAL oy Reo ACTS ALS 
COANCNEZ USS, Ty Ve kei, ov lee yoo, Ce, C20,C31,A29 AS07891 AS2 
CORMONLANG £29, TOV 203% X2¢X90V2 15, 22,235 24 

DE 3X=1#V¥AB4Y*AT0 FG *X#FY XAI49#X2*S¥*A 314 4*X¥S¥AZ2+S¥A29 
RETURN 

END 

DCUBL® PRECISION FUNCTION DF3Y(ITER) 

IMPLICIT REAL*8 (A-H,O-Z) 

COMMON /NQ/A7, 48,49, 210, A711, A271, A22, A23,h 24,8 25,A20,827,020 
COMMBNT 7NS7 5,17 VEX, leer 17 C2, G37 005.C20,C3 1,129, A30,A9 1, AS2 
COMGCH /WU7T 20 TSTV2 7 Vag Ke, X53, V2eXS, Sorta, oN 
DF3Y=X*A10+2*X2*A9 

RETURN 

END 

DOUBLE PRECISION FUNCTION DF3Z (ITER) 

IMPLICIT REAL*8 (A-H,O-2Z) 

CORMONTZNZ/AT, RS, ROVAIOGATIPA2IA22,A23, 824,825,826, 427,428 
CONDONE /ES/S>T i Mie; Vee, Cl, C2¢Cse¢ Ch, C20, Co v,aco nial hal, Ase 
DF32Z=0 

RETURN 

END 

DOUBLE PRECISION FUNCIION DF4YT (ITER) 

IMPLICIT REUAL*8(A-H,O0-2) 

COHMON /N2/A7,A8,489,410,A171,A21,A22,A23,224,A25,A26,A27,A28 
GOURCNU/NS SET Winky S.C lp C2,C3,C4,C20,C3 1,A29,AS0,h2 1,832 
CONHON) JNGY 22) TIAV27V3 7X2 9X3 fV2913 722,723 724 
DFGT=Y*¥A7+2*Y2*A27+3¥*Y3*A28 

RETURN 

END 

DOUBLE PRECISION FUNCTION DF4UV (ITER) 

IMPLICIT REAL*8 (A-H,0-Z) 

COMMON /N2/A7,A88,A9,A10,A11,A21,A22,A23,A24,A425,426,A427,A28 
COHMONMIN3ZZ/S ,p DAVAX; 0076 1762/63 PCC 7C20 C3 1,429, 830 78ST ASZ 
DF4YV=0 

RETURN 

END 

DOUBLE PRECISION FUNCTION DF4YX (ITER) 

IMPLICIT KEAL*8 (A-H,O-Z) 

COMMON /N2/A7,A8,A9,410,421,821,A22,A23,A24,A25,826,827,A428 
COMMONG/NSAS PT Awe me, Bee. C 1, C2, Cs, 04,020,034, N29, 030 ,031,A32 
DES X=2*X*Y*AVEY*A10 

RETURN 

END 

DOUBLE PRECISION FUNCTION DF4Y (ITER) 

IMPLICIT PEAL*8 (A-H,O-Z) 

COMMON /N2/A7,A8,A9,A10,811,4821,822,A23,A24,A25,426,A27,A28 
COMMON P/N ZS DAV pope) pelos, eMC 20, CII, A297, AG0 R31, 092 
COMNCNE/ NUT PES PPV a hed, 12,449,227 23.24 
DFYY=14+X2*AI+X*A LOF THA TFG ETRY *A27+¢9*T*Y2*A28 

RETORN 

END 

DOUBLE PRECISION FUNCTION DF42Z (ITER) 
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IMPLICIT REAL*8 (A-H,0-2) 

COMMON /N2/A7,A8,A9,A10,411,A21,A22,A23,A24,A25,A26,427, 828 
eee PNS/SET Ng Xie tyes Gly C 2,63, 0%, C20, C30, 829,230,015 aoe 
RETURN 

END 

DCOBLE PRECZTSION PUNCTION DFST (ITER) 

IMPLICIT REAL*8({A=-H,0-2) 

COMMENS 7 N 2/7 y ASziA IGA L054 10, A 2, A227 R29, RDO oe 255A 26a A 
COMMONS NB 7ST VN PKG 2 gl le, C2, € 35 CU C20N.C Il 298th 30 A Sly A Se 
COMMONS /NAAE2; 135 V2E NSE X24 X35, 240 35 225 23, 24 
DFST=Z¥A22¢2*22*A 234+ 3*Z3¥*AQ4EYHZYRAIS 

RETURN 

END 

DOUBLE PRECZSION FUNCTION DFSV(ITER) 

IMPLICIT REAL*8(A-H,O-Z) 

COMMON. JN2/A 77 AS, 89, 010,A11, 821,822,823, 824,025,026, 427,828 
CUR ALONG / MOS, Tip Nips Vg Fe Cy Ge, C3, C4, C20,C31, 129 -A 30 RS 1, XS2 
DFSV=0 

RETURN 

EXD 

DOUBLE PRECZSION FUNCTION DF5X (ITER) 

IMPLICIT REAL*8 (A-H,0-2) 

CCUMON /N2Z/A 7, NB 1A95, 10, At, AQ: A22,A23,A2%,429,A26,827,A28 
COMMONEYNG 2S Te Vike 5125.C UC 2yC 3, Ci, C20 G3 1,829,A30, A317 AS2 
DF5X=0 

RETURN 

END 

DCUBLE PRECISION FUNCTTIN DFSY (ITER) 

IMPLICIT REAL*8 (A-H,0-Z) 

COMMON SN27A7 AS, A9, 410,811,821, A822,823, 829,825,826, 027,428 
COMPNONA/N3G/Si0 Wak 2X poe 1,C2,C38, C4, C20,C3 1,429,430, AS1, AS2 
DFS5Y=0 

RETURN 

END 

DOUBLE PRECISION FUNCTION DF52 (ITER) 

IMPLICIT REAL*8 (A-H,O-Z) 

COMMON /N2/A7,A9,A9,410,411,421,822,A23,A424,A25,A26,A27,A28 
COMMON G/N 37S 705 VyXs Veo C ly C2; Cope pG20,C3 1,429, ,AS0 PASI, aoe 
COMMON GNA /T2e03, V2, oy kee Sp her Voreer ee, ee 

DFSZ= 14 T#XA22+U*T*Z*A £54 9*THZ2Z¥A 24+ 16*THZ3*A25 

RETURN 

END 

DOUBLE PRZCISICN PUNCTICN DF6S (ITER) 

IMPLICIT REAL*8 (A-H,0-2Z) 

COUNCN /N2/A7,A8,49,810,A11,A21,A22,423,4124,425,826,427,A28 
COMMON ANS ASeRay, © stp o else, C3,Ch,C20, C31, A295 A590, Asa, aoe 
COMMON MSNE/T2 (ES, V2, Vee X27 kh 35 82 30 ble bo, 24 
DF6S=X3¥*¥A31+X2Q*AZ2*X*AQZI+T *A 30 

RETURN 

END 

DOUBLE PRECISION FUNCTION DF6T (ITER) 

IMPLICIT REAL*8 (A-H,O0-Z) 

COMMON JN2/A7, 48 p09, 010, K11,A21, 222, A23pROR R25 5226, AQT L28 
COCHMON SN3/S,Te VeXeV¥e2eC1,C2,03,C4,C20,C31,429,,830,A431,A32 
COMMON S/NEZEI OTS 2, V3, K2o Khas Vly Yonee soo e es 

DP6T=S*230 

RETURN 

END 

DOUBLE PRECISION FUNCTION CFOX (ITER) 
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IMPLICIT REAL*8(A-H,O-2Z) 

CCNNON /N2/A7,A8,A9,410,A11,421,A22,423,424,A25,A26,A27, A828 
COUNGRIZNIAS fie Mahe Vee 1 C1,¢C2,C3)C4,020,C344429, 839083 1A 2 
COMMOMP/NN ZT Set TA 2) Va. X 2,137 92) V3, 22,29 228 
DE6X=3¥*X2*S¥AZLEQKX*S HAZ 24ES¥*A2I 


RETURN 
END 


IMPLICIT REAL*8 (A-H,O-Z) 
REAL OI PX (15), xX (20) . DT (60) ,N,H,CO{20, 20) , BB (20), 0 (20) , 


SD EGRS 


CONMON /N1/ FX,XX,DT,N,M,CO,BB,D,IDEGRE 

COMMON U/N2ZAT PAS PAD, A10,K 11,421, A22,823;,824,825,N26,A27, 028 
COMNONI ZG 7S PERVAX Y,2,C 1, C2) C3 (Cs 5C20,-C37,, 829 ASO AGT, Aso 
COMMNGMEANU/T2ATS OV 2. VIX 2, 59,12, Y3,22,03725 


INTEGER DUEMY 
REAL*8 MULT (SO) ,MAX 
DP6Y (DUMMY) =0.0D0 
DF2S (DUMMY) =0.0D0 
DF4S (DUMMY) =0.0D0 
DF5S (DUMMY) =0.0D0 
DF6V (DUMMY) =0.0D0 
DF6Z (DUMMY) =0.0D0 
REWINDS 


READ (4,502, END=999) A7,48,A9,A10,A11,A21,A22,A23, 824,425,826, 427, 
# A26,A29,830,431,A32 

WRITE (6,610) A7,A8,A9,A10,411,421,822, 823,424,425, A26,A27, 

# A28,429,830,A31,A32 

FORMAT (* CONSTANTS A7...A32',/, (2D16.5)) 


PORNAT (12D20. 10) 


FORMAT ('1',75,"C1",T1u, 'C2*, 715, 'C3',7T20,*CH? ,725, *C20', 
X T30,*FEt,735,"SO4',T40," H',T45, "OX", T50,'CL*) 
WEAD(5/501,2ND=999) Cl,C2,C3,C4,C20,C31,0,1,%7%52. 5 
BLANK=C1#C2+C3+C4 +C20+C31 

IF (BLANK.EC.0) GOTO 11 


FORMAT (12D29. 10) 
ITER=0 

T2=TFT 

T3I=T2*T 

V2=V*V 

V3=V2*v 

X2=X¥*X 

X3=X2*X 

Y2=v*Y 

Y3=Y2*Y 

22=2*2 

23=22*Z 

Z4=22*22 
BB(1)=-F1(ITER) 

BB (2)=-F2 (ITER) 

BB (3) =-F3 (ITER) 

BB (4)=-F4 (ITER) 

BB (5S) =-F5 (ITER) 

BB (6)=-F6 (ITER) 

CO (1,1) =DF1T (ITER) 
CO(1,2)=DPIV (ITER) 
CO (1,3) =DF1X (ITER) 
CO (1,4) =DF1¥ (ITER) 
CO (1,5) =DF12 (ITER) 
CO (1,6) =DF1S (ITER) 
CO (2,1) =DF27 (ITER) 
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CO (2,2) =DF2V (ITER) 

CO (2,3) =DF2Xx (ITE) 

CO (2,4) =DF2Y (ITER) 

CO (2,5) =DF2Z (ITER) 

CO (2,6) =DF2S (ITER) 

CO(3,.1)=DP3T (ITER) 

CC (3,2) =DF3V (ITER) 

COC) DEC lle) 

CC (3,4) =0F3Y (ITER) 

CO (3,5) =DFaz (ITER) 

CO (3,6) =DF3S (ITER) 

CO (4,1) =DP4T (ITER) 

CO (4,2) =DF4UV (ITER) 

CO (4,3) =DFP4&X (ITER) 

CO (4,4) =DFAY (ITER) 

CO (4¥,5)=DF4Z (ITER) 

CO (4,6) =DF43 (ITER) 

CO(5,1)=DP5T (ITER) 

CO (5,2) =DF5V (ITER) 

CO (5,3) =DFS< (ITER) 

CO (5,4) =DF5Y (ITER) 

CO(5,5)=DE5S2 (ITER) 

CO (5,6) =DF55 (ITER) 

COS, 1} =DP6™ (ITER) 

CO (6,2) =DF6V (ITER) 

CO (6,3) =DF6X (ITER) 

CO (6,%)=DF6Y (ITER) 

CO (6,5) =DF6Z (ITER) 

CO (6,6) =DF6S (ITER) 

WS ee Ea (G7, O60) 

EO RAVARIC UOT, LOR VNC ono Wokia Su) 

DO 3 T=1,6 

WRITE (6,602) (CO(I,J) ,J=1,6) ,BB (I) 

CAUL SOLVE (4,20) 

IF oUIOK. FCn0y SOTO "99 

ITER=ITER+1 

WRITE (67602) ((D(1)4 11,6) st 7 Va ces 

T=T+D(1) 

V=VtTL (2) 

X=X+D (3) 

Y=Y+D (4) 

2=2+D (5) 

S=S+D (6) 

IF (ITER.GT.100) GOTO 99 

IF ( (DABS (D(1)).~GT.1.0E-8) .OR. (DABS (D(2)) «GT. 1. 0E-8) 
eOR. (DABS (D(3)).GT.1.0E-8) .OR. (DABS (D (4) ) «GT. 1. 02-8) 


eOR. (DABS (D(5))eGT. 120D-8) .OR. (DABS (D(6)).GT.1.0E-8)) GOTO 2 


FECLY=T* 2Z4*A25 
FEFOX2=T*Y2*A27 
FEOX3=T*Y3¥*A28 
FESCY=T*V¥AI1 
HSOY=X¥*V¥AB 
FESO42=T*V¥V¥A2I 
FECX=T*Y*¥A7 
HOX=X*Y*R10 
H2CX=X*X*Y*¥AY 
FECL=T*¥2*A22 
FECL 2=T¥*¥2*2¥*A23 
FECLI=T*Z¥Z*2Z*A24 
FEQH=T*A26/X 
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489 H3ICIT=X3*S*A31 

490 H2CIT=X2*S "A 32 

491 HCIT=X*S*A29 

492 FECIT=T*S*A 30 

493 WRITE (6,607). 

494 607 FORMAT(*0?,T4,'C1",7T16, *C2',T28,'C3',TH0, "C4? , 752, *C20",T64,°*T!, 
495 X TG, 8 Vite 8, ex eT 100,98? P11 2s 028) 

496 WHRLTE (O60 2)C1,C2 C304, C20, TV NY, Z,S 

497 WRITE (6,603) 

498 603 FORMAT('O',74,*FESOU',T16,'HSO4',T28,* FE (SO4) 2',T40, *FEOX' ,T52, 
499 X "FECL',T64,'FECL2',T76,'FECL3',T88,"FEOH*®,T100, *H20X*,T112,*HOX") 
500 WRITE (6,602) FESOU,HSOY, FESC42,F£OX, FECL 

501 x ,»FECL2,FECL3, FEOH,H20X, HOX 

502 WRITE (6,605) 

503 605 FORMAT('0',T4,"FE(CL)4',T16,'FE (OX) 2', 128, FE (OX) 3", 

504 X. P90, PP PCr! 152, OUCTT® (764 , SH2CITIS77G, VHACIT") 

505 WRITE (6,602) FECLY, FEOX2, FEOX3, FECIT,HCIT, H2CIT, H3CIT 

506 602 FPORMAT(* *,12D12.5) 

507 GOTO 1 

508 99: (AURETE (6,60 lyietey, %. is 25.5 

509 601 FORMAT (*0", §****NO CONVERGENCE **** (X,¥=) ',6D20.10) 

510 GOTO 1 

511 999 STOP 

512 END 


END OF FILE 
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